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Air infiltration into a building is unintentional air leakage, resulting in heat losses or
gains and the consequent energy usage to recondition the building to comfortable levels.
Methods of evaluating air infiltration provide accurate measures of air exchange rate but must be
done per building and take significant experimentation and data collection. This warrants
investigation into ways to decrease the time to evaluate building infiltration to decrease the
associated costs. For this reason, interior pressure response is the subject of investigation in the
present work. Interior pressure of a building responds to a pressure rise on the building face
when an opening is present. There is a time delay for the interior pressure proportional to the
opening area on the building face. This relationship is valid for larger openings and buildings,
but no work has been done to validate the relationship for small openings and model structures.
A model pressure box is designed and manufactured with pressure transducers to monitor face
pressure and interior pressure when subjected to wind pressure. Wind pressure is induced by
means of a wind tunnel equipped with a gust generator for rapid variation of pressure on the
pressure box. Several opening areas are fabricated for the pressure box to test the relationship of
pressure response time delay to opening area.

Testing is done to characterize the flow field with the gust generator and validate the gust
generator effectiveness. The gust generator is then used in pressure testing on the pressure box.
Results of the pressure testing show there is a pressure response delay on the box interior;
however, changing the opening area on the box face over the range of 1.25% to 5% of wall area
does not affect the response delay time. Improvements to the wind tunnel are recommended to
eliminate the significant high frequency turbulence present in the wind tunnel. A different
material for the pressure box is also recommended due to difficulty in preparing the pressure box
for testing.
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1. INTRODUCTION

A large part of a building’s overall efficiency is its ability maintain consistent thermal
comfort levels, i.e. temperature and humidity, with minimal energy input from equipment. This
goes beyond the equipment efficiency and insulation, where the airtightness of the building is
also a significant factor. Airtightness of a building is evaluated by the level of air infiltration
occurring, or the air leakage into or out of a structure through unintentional openings [1]. These
openings are typically cracks that develop over time around joints in the structure, but they can
also occur during the construction process. This poses a significant problem in extreme
environments, where air with undesirable temperature, humidity, or both, is leaking into the
structure, and heating or cooling equipment needs to operate more frequently. There are several
ways to calculate the air infiltration; however, it is commonly done at the new commissioning of
a building and not over time as the building ages and these cracks develop. Furthermore, the
methods of evaluating air infiltration take a significant amount of time, are disruptive, and only
work for individual buildings. This makes an investigation into faster methods justifiable, to
improve the tracking of air infiltration as it increases with building age. Faster evaluations of air
infiltration reveal issues before the thermal inefficiency becomes substantial. The present work
introduces a pressure response time concept to relate infiltration opening area to the pressure
response time between exterior and interior structure pressures.
1.1 Internal Building Pressure Changes from Wind Velocity
An important concept in building structural design is an examination of the fluctuating
internal pressure of a building. An internal pressure change of a building is often caused by an
environmental change on the exterior of the structure, commonly a change in wind velocity. A
1

single opening on a windward facing wall and a sudden increase in wind velocity increases the
pressure on the wall near the opening. In this case, the external pressure increase will cause flow
into the building. With flow into the building and assuming the air cannot escape, this will
increase the air density and thus increase the pressure in the building [2].
An expression for the response time of the internal pressure to reach equilibrium with the
external pressure can be derived if the inertial effects of the air are neglected [2]. It starts with
the conservation of mass, where the mass flow rate into the building must equal the mass
increase in the building, represented by

𝜌𝑖 𝑄 = (

𝑑𝜌𝑖
)𝑉 ,
𝑑𝑡 0

(1)

where 𝜌𝑖 is the density of the internal air, 𝑄 is the flow rate, and 𝑉0 is the enclosure volume. For
turbulent flow through an orifice, flow rate 𝑄 is represented by

2(𝑝𝑒 − 𝑝𝑖 )
𝑄 = 𝑘𝐴√
,
𝜌𝑎

(2)

where 𝑘 is the orifice constant, 𝐴 is the area of the orifice opening, 𝑝𝑒 is the pressure on the
windward side of the orifice, 𝑝𝑖 is the leeward side of the orifice opening, and 𝜌𝑎 is the air
density of the flow into the orifice. The orifice constant depends on the size of the flow opening
and is determined by experimental results. Typical values of the orifice constant are around 0.6,
making it a good assumption for openings that have not been tested [2]. If the internal pressure
and density are assumed to be related by the adiabatic law, this is represented by

2

𝑝𝑖
𝛾
𝜌𝑖

= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡,

(3)

where 𝛾 is the ratio of specific heats of air. Finally, combining equations (1), (2), and (3), then
integrating the resulting equation, the response time for internal pressure to equal external
pressure from a sudden increase in wind velocity on an opening becomes [2]

𝜏=

̅
𝜌𝑎 𝑉0 𝑈
∗ √𝐶𝑝𝑒 − 𝐶𝑝𝑖0 ,
𝛾𝑘𝐴𝜌0

(4)

̅ is the external flow velocity, 𝑝0 is the atmospheric pressure, and 𝐶𝑝𝑖0 is the pressure
where 𝑈
coefficient at the start of the pressure response. Here, the pressure difference terms are replaced
by the pressure coefficient relationships, which are represented by

𝐶𝑝𝑒 =

𝑝𝑒 − 𝑝0
,
1 ̅2
𝜌
𝑈
2 𝑎

(5)

𝐶𝑝𝑖 =

𝑝𝑖 − 𝑝0
.
1 ̅2
2 𝜌𝑎 𝑈

(6)

and

In equation (4), the area 𝐴 becomes the area of the windward opening.
It is important to note that equation (4) was developed for large openings, on the order of
1 𝑚2 [2]. This is from the assumption that the airflow through the opening is modeled by the
orifice equation i.e. equation (2). Consider the case where the large opening is replaced by
several small openings on a building face. These smaller openings are defined as areas of air
infiltration leakage. The work presented here will investigate the relationship of an internal

3

pressure response to external pressure fluctuations, using small opening areas to replicate typical
building infiltration.
1.2 Literature Review of Air Infiltration
Air infiltration has been studied extensively due to its importance in home energy
evaluation. It has a significant impact on the thermal load of a building, up to 25 − 50% [3],
where the thermal load is the amount of energy required to maintain comfortable temperature
and humidity levels. Air infiltration along with ventilation also largely affects indoor air quality,
like the transport of moisture or pollutants into or out of the building. The general cause of air
infiltration is a pressure difference across the building envelope, either caused by wind induced
pressure or a temperature difference that induces a vertical pressure gradient, otherwise known as
stack effect. Both effects contribute to air infiltration in all buildings, but the primary driving
force changes for different building types. Low-rise buildings are primarily affected by wind
induced pressure and high-rise buildings are primarily affected by stack effect [3]. Several
models exist to estimate the air infiltration rate in buildings, which consist of empirical models,
single-zone models, and multi-zone models. Typically, these estimation models are good only
for specific cases, since the variability in the problem is significant. A deeper discussion of each
is presented in this review.
1.2.1 Wind Induced Pressure
The impinging wind on a building causes pressure to increase on the building face. The
equation for pressure associated with the wind comes from Bernoulli’s equation. Assuming no
height change, the pressure can be represented by

4

𝑝𝑤 =

1
̅2,
𝜌 𝐶 𝑈
2 𝑎 𝑝

(7)

where 𝐶𝑝 is the pressure coefficient. The pressure coefficient is dependent on the building shape
and surrounding environmental conditions, so many values of the pressure coefficient have been
obtained in wind tunnel tests and statistical pressure data [3]. The wind velocity needs to be
corrected depending on the surrounding conditions, like accounting for wind sheltering of trees
or other buildings [1].
1.2.2 Stack Effect
Stack effect comes from the ideal gas law, seen here as

𝜌𝑎 =

𝑝𝑎
,
𝑅𝑎 𝑇𝑎

(8)

where 𝑝𝑎 is the air pressure, 𝑅𝑎 is the specific gas constant of air, and 𝑇𝑎 is the temperature of
the air. If the temperature on the interior of the building is different than that of the outside air,
this will cause a density difference and in turn a pressure difference across the envelope. The
effect develops with height as well since the lower density air will rise in both the building and
the outside air, causing the pressure gradient to develop over the entire building height [3]. This
is the reason the effect is more apparent in high-rise buildings than in low-rise buildings. A
diagram demonstrating the effect is shown in Figure 1, showing the effect occurring over the
entire building height 𝐻.

5

Figure 1 - Representation of the stack effect and how it causes inside air to leave while outside air enters [3].

The figure shows air movement over the building height due to differences in pressure,
represented by arrows in or out of the building. Larger arrows indicate more air flow, where a
point between ground level and height level shows no air movement. This point, where the
pressures are equal in the diagram, is known as the neutral pressure level, or NPL, and height
where it occurs is represented by 𝑦𝑛𝑝𝑙 . The variables 𝑇𝑖𝑛 and 𝜌𝑖𝑛 represent the interior air
temperature and density, respectively, to solve for interior pressure using the ideal gas law. The
variables 𝑇𝑜𝑢𝑡 and 𝜌𝑜𝑢𝑡 then represent the exterior air temperature and density, respectively, for
the exterior pressure.
1.2.3 Modeling Air Infiltration
Air infiltration is modeled several ways for predicting airflow through different structures
over time. This is done by empirical models and theoretical models, and theoretical models are
either single-zone models or multi-zone models. The high variability of air infiltration makes
6

certain models useful for specific problems and the incorrect model can introduce errors into the
results of an analysis.
1.2.3.1 Empirical Infiltration Models
Empirical models are defined by statistical relationships for specific building classes.
They are accurate if the correct building class is used but introduce errors if the relationship does
not apply or the environmental conditions are not well understood. An example of an empirical
model is the regression technique. This is represented by [4]
𝑄𝑖𝑛𝑓 = 𝑎′ + 𝑏 ′ Δ𝑇 + 𝑐 ′ 𝑣 2 ,

(9)

Where 𝑎′ , 𝑏 ′ , and 𝑐 ′ are regression coefficients, Δ𝑇 is the interior to exterior temperature
difference, and 𝑣 is the wind speed. This regression technique requires hourly rates of air
infiltration to be measured over several days. Afterwards the regression coefficients are applied
and compared to measurements over several more days. Then the equation can be extrapolated
for longer time periods and in different climatic conditions. This technique works well for a
single structure. However, due to the high dependence of air infiltration on the surrounding
obstructions, the results of the regression technique cannot be applied to other buildings [4].
1.2.3.2 Theoretical Model Basis
An improvement over the empirical models are theoretical models which account for
more variables, like shelter class, terrain, and building geometry. This better describes specific
areas for improving the air infiltration rather than a global air infiltration rate. These specific
areas for improvement are the thermal “zones” of a structure, or a defined area of specified
temperature and humidity. These theoretical models can either be single-zone models or multizone models, and the type of problem dictates the better model to use. Both types of models are
7

based on conservation of mass. As the air leaks into the structure, a corresponding amount of air
is displaced [4]. The nature of the flow into a crack is highly dependent on the geometry of the
crack. For large openings, the volume flow rate can be modeled by the orifice equation, or
equation (2). For smaller cracks, the flow paths through the building structure are much longer,
which can be estimated by a pipe flow equation

𝑄=

Δ𝑝
𝜋𝑟 4 ,
8𝜇𝐿

(10)

where 𝜇 is the dynamic viscosity, 𝐿 is the length of the flow path, and 𝑟 is the radius of the
opening [4]. Since there is likely a combination of both types of flow, the common way to
express the flow rate is a power law equation
𝑄 = 𝑘(Δ𝑝)𝑛 ,

(11)

where 𝑘 is a flow coefficient and 𝑛 is a pressure exponent. Since the pressure difference can be
caused by either wind velocity or the stack effect, the added effect of both is calculated by
𝑄𝑡𝑜𝑡𝑎𝑙 = √(𝑄𝑤𝑖𝑛𝑑 )2 + (𝑄𝑠𝑡𝑎𝑐𝑘 )2 ,

(12)

where 𝑄𝑤𝑖𝑛𝑑 is the air flow due to wind and 𝑄𝑠𝑡𝑎𝑐𝑘 is the air flow due to stack effect. Several
studies have been conducted to evaluate the flow through cracks and determine the constants 𝑘
and 𝑛. These have included analytical development of equation (11) by looking at laminar flow
in short pipes [5], measurements of flow in single cracks [6], and measurements of flow in arrays
of cracks [7].
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1.2.3.3 Single-Zone and Multizone Models
Conservation of mass provides the basis for both single-zone models and multi-zone
models. Single zone models are the simpler of the two, where the building is modeled as a single
enclosed volume with no partitions. Multi-zone models consider the partitions in the building
which restrict the flow between rooms. Both require more data inputs than empirical models,
including the flow paths in the structure, flow path characteristics, building height, temperature
difference between the interior air and that of the outside air, wind speed, local shelter class,
terrain roughness, and ventilation characteristics [4]. Since the flow paths are individually
defined, the total infiltration for a building is the summation of all flow paths
𝑗

(13)

𝑄𝑖𝑛𝑓 = ∑ 𝑄𝑖 ,
𝑖=1

where 𝑄𝑖 are the air flow rates for each flow path. The desired accuracy versus the level of
complexity dictates which method is better to use. Single-zone models are useful in buildings
where air exchange is free between rooms, for example if doorways are typically opened or in
use frequently. While the data input is more substantial than an empirical method, it is much
simpler than a multi-zone method. The computation time is greatly reduced compared to multizone methods, as the internal pressure is modeled for the single space. Single-zone methods
cannot be used in cases where the internal partitioning causes significant flow restriction, like
larger homes or office buildings. In these cases, multi-zone methods are required for an accurate
solution. Multi-zone methods incorporate pressure differences between rooms and the
corresponding flow paths. With the interdependence of the air leakage between rooms and the
infiltrating air, the problem requires longer computation time. Multi-zone methods are useful in

9

indoor air quality studies more so than more accurate air infiltration modeling, since internal
airflow shows to have little effect on the building infiltration rate [3].
1.2.4 Evaluating Air Infiltration
Air infiltration is commonly measured by means of a blower-door pressurization test or
tracer gas measurements. Both methods use empirical models for quantifying the air infiltration.
In a blower-door test, all controlled openings, like doorways, windows, and exhaust flues in the
building are closed and a fan apparatus is installed in the doorway. The apparatus has a fan with
a sealing material such as nylon which seals the doorway. The fan is oriented such that when the
fan is turned on the air is being exhausted outside, creating a pressure decrease. Due to this
pressure decrease inside the building, the higher pressure around the exterior will push air in
through the unintentional openings. Using gauges that measure airflow and pressure, a desired
pressure difference is set, and the amount of airflow required to maintain this pressure difference
between the interior and exterior is related to the amount of air infiltration [1]. Since the blowerdoor tests result in an airflow rate for a given pressure difference, the evaluation of the airflow
rate depends on statistical data and curve fitting for converting it to a representative air
infiltration rate, also referred to as a leakage function. An example of air leakage data versus a
pressure difference is shown in Figure 2.
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Figure 2 - Air leakage versus a pressure difference across the building envelope. This data can vary greatly for different levels of
air infiltration [1].

While blower-door tests are applicable to any structure, they are typically conducted only at the
building commissioning. It is generally not used to track the degradation of a structure and the
subsequent increase in air infiltration rate. It is at the building owner’s discretion to conduct
these tests, and the only indication that one is needed is when the thermal efficiency has
decreased i.e. increased heating and cooling costs. Furthermore, this type of testing does not
account for factors like wind or temperature, so it is only an evaluation of an effective leakage
area [3].
Tracer gas methods are another common way to evaluate air infiltration. The fundamental
concept for tracer gas measurements is conservation of mass. A concentration of tracer gas is
injected into the structure and the mass balance for the concentration decay is represented by [8]
𝑉𝐶̇ (𝑡) = 𝐹(𝑡) − 𝑞(𝑡)𝐶(𝑡),
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(14)

where 𝑉 is the structure volume, 𝐶̇ (𝑡) is the time derivative of concentration, 𝐹(𝑡) volumetric
gas injection rate, 𝑞(𝑡) is volumetric airflow rate out of the building, 𝐶(𝑡) is the gas
concentration, and 𝑡 is time. This equation assumes the gas is mixed throughout the structure
instantaneously. Basic techniques for tracer gas measurements are decay methods, concentration
methods, and injection methods [8].
Decay methods are the simplest, where an initial concentration of tracer gas is released
into the structure and the decay is monitored over time. They are inexpensive compared to the
other methods, making them a popular choice for smaller buildings. They only provide
information about the average air infiltration rate over time and do not provide data about high
infiltration areas. Concentration methods use a combination of monitoring equipment and
injection equipment to maintain a set concentration in the structure. These methods assume the
time derivative term in equation (9) is equal to zero, simplifying the solution significantly.
However, since the tracer gas takes time to fully mix in the structure, this term is not zero, which
introduces errors into these measurements [8]. This can be mitigated by introducing more
injection points, at an increased cost. With more injection points, the infiltration can be evaluated
for individual zones as well, making these methods useful for buildings that cannot be modeled
as a single space. Injection methods are like concentration methods, where a constant injection
rate is used to achieve an equilibrium concentration in the structure. Concentration is monitored
until transience stops and the derivative term in equation (9) equals zero. This requires the
infiltration rate to also be constant, otherwise the transience persists, and errors are introduced
into the measurements.
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Tracer gas techniques range in cost and complexity depending on the method used and
the tracer gas selected, and the gas used is dependent on the measurement equipment. This
equipment and the corresponding gases are summarized in Table 1 [8].
Table 1 - Tracer gas measurement techniques and the corresponding gases [8].

Tracer Gases and Measuring Techniques
Techniques

Gases

Thermal Conductivity Detector

H2, He, CO2

Electron Capture Gas Chromatograph

SF6, Refrigerants, Perfluorocarbons

Flame Ionization Gas Chromatograph

C2H6

Infrared Absorption

CO, CO2, SF6, N2O, C2H6, CH4

Thermal conductivity and infrared absorption are the cheaper but less precise options. They use
common gases like carbon dioxide (CO2) and helium (He) which reduces the cost, but the
detectable concentration is only as low as 1 𝑝𝑝𝑚 for CO2 [8]. Electron gas techniques provide
the best detectability with 5 × 10−6 ppm for sulfur hexafluoride (SF6) at an increased cost.
Due to the significant data and time required using either blower door testing or tracer
gas measurements, the focus of the present work is to utilize pressure differences across a
structure envelope to evaluate infiltration opening area. This requires the ability to generate
variable pressures on a model structure, using a wind tunnel and gust generation.
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1.3 Literature Review of Gust Generation
1.3.1 Definition of Natural Wind Gusts
The exact definition from U.S. weather observing practice for a wind gust is a wind
velocity peak of at least 16 knots, and the difference between peaks and lulls is at least 9 knots
[9]. This corresponds to 8.23

𝑚
𝑠

𝑚

peak velocities and velocity differences of 4.63 𝑠 . However,

much wind tunnel gust generation seeks to model natural wind turbulence instead of wind gusts.
Wind turbulence is better defined by the high frequency, chaotic oscillation of wind velocity. An
example of an atmospheric reading of natural turbulence is shown in Figure 3, where the high
frequency turbulence can be seen along with a wind gust at the marked locations (a), (b), and (c)
[10].

Figure 3 - An example time history of wind gusting conditions. Here, the high frequency turbulence is seen, larger step changes
in wind velocity as well [10].

Wind turbulence has been modelled several ways, but a common model used is the von Kármán
power spectrum, which is represented by the equation [11]

𝒏𝑺(𝒏)
=
𝝈𝟐𝒖

𝒏𝑳𝒙
𝟒 ( ̅ 𝒖)
𝑼
𝟓
𝟐 𝟔
𝒙
𝒏𝑳𝒖

[𝟏 + 𝟕𝟎. 𝟖 ( ̅ ) ]
𝑼
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,

(15)

where 𝑆(𝑛) is the spectral density for atmospheric turbulence, 𝑛 is the frequency of the eddy
propagation in atmospheric turbulence, 𝜎𝑢2 is the variance of the velocity time series, 𝐿𝑥𝑢 is the
integral scale of turbulence for the longitudinal eddies associated with the longitudinal direction,
̅ is the mean wind speed. This equation specifically describes the power spectrum of wind
and 𝑈
gusts in the longitudinal direction and similar equations exist for the transverse and vertical wind
gust directions. The prevalent challenge with modeling turbulence in a wind tunnel is achieving
appropriate integral length scales of turbulence. The integral length scale of turbulence is
calculated by [11]

𝐿𝑚
𝑢

1 ∞
= 2 ∫ 𝑅𝑢1 𝑢2 (𝑚) 𝑑𝑚,
𝜎𝑢 0

(16)

where 𝑅𝑢1 𝑢2 (𝑚) is the cross-covariance function between velocity components 𝑢1 and 𝑢2 . The
variance in this equation is for both velocity components. The velocity components are measured
at two different spatial locations, defined by an orthogonal Cartesian coordinate system. These
spatial locations vary in the 𝑚 direction, where 𝑚 can be any direction in the coordinate system
shown in Figure 4.
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Figure 4 - Coordinate system commonly associated with wind gusts. Here, "x" is also referred to as the longitudinal direction,
"y" is the lateral direction, and "z" is the vertical direction.

Other functions related to the cross-covariance are the co-spectrum, quadrature spectrum, and
coherence functions. These are used to describe the relationship between two signals, such as
turbulence time series. For example, the coherence quantifies the correlation between two
measures of turbulence [11].
Evaluation of the turbulent length scales is important in achieving similarity with
atmospheric turbulence. Integral length scales achieve similarity by comparing the eddy
Reynolds number and the development of the turbulence inertial subrange. First, another way to
describe 𝐿𝑚
𝑢 is the measure of the average eddy size associated with that direction [11]. The eddy
Reynolds number can then be calculated as
𝑈𝐿𝑚
𝑢
𝑅𝑒𝐿 =
,
𝜈

(17)

where 𝜈 is the kinematic viscosity and 𝑈 is the eddy wind speed. Second, in turbulent flow, there
exists an inertial subrange of wave numbers, the wave number being defined as
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𝐾=

2𝜋
,
𝜆

(18)

and 𝜆 is the wave length. In this subrange the influence of viscosity is small and the flow can be
considered independent of viscosity. The eddy motion in the flow can thus be determined by the
rate of energy transfer of the larger eddies to the smaller eddies of the flow. This also requires
that the viscosity of the fluid be negligible compared to the energy transfer. Atmospheric
measurements support the existence of this flow in the natural wind environment, so turbulence
is modeled using this inertial subrange [11]. The eddy Reynolds number relates to the inertial
subrange because of the size of the turbulence length scales. The larger the turbulence length
scales the smaller the wave number and conversely smaller length scales have larger wave
numbers. The length scales are a direct quantification of the eddy size which then determines
whether the energy dissipation is dominated by viscous effects or inertial effects. Thus, larger
eddy Reynolds numbers mean larger length scales and eddy sizes that are dominated by inertial
effects. Previous wind tunnel tests suggest that the development of an appropriate inertial
subrange is ensured when the eddy Reynolds number is on the order of 105 or higher [11].
The ability to generate consistent gusting conditions that achieve similitude to the natural
environment in a wind tunnel allows for more thorough investigation to be done into wind
induced phenomena on solid structures. These could be load studies of aircraft wings or the
response of other solid structures in gusting conditions, such as buildings or bridges. The
required gusting condition changes for a variety of problems. Pressure response testing in the
present work is most effective when the pressure perturbations are largest, meaning large wind
gusts are appropriate. There have been several methods of producing gusts to match the desired
problem. The basic concept of gust generation is the modification of the boundary conditions
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unsteadily at either the inlet, tunnel test section walls, or on the model of interest [12]. However,
modification of the boundary layer on the test section walls or the model is difficult to do and
even more so when there is a need to examine many gusting frequencies. Modifying the
boundary conditions at the inlet flow is of primary interest and will be discussed in this review.
1.3.2 Types of Gust Generation
Modification of the boundary conditions at the wind tunnel inlet is done either by a
passive method or active method. Passive methods introduce a type of obstruction into the inlet
flow which causes a regular and easily repeatable turbulence condition. Active methods produce
less regular flow conditions but impart more turbulent energy into the flow. Figure 5 shows the
general types of gust generation for each method.

Figure 5 – Organizational chart of the gust generator methods.
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1.3.2.1 Passive Methods
1.3.2.1.1 Passive Grids
Passive methods have been used as early as 1934 with the implementation of a turbulence
grid [13]. Turbulence grids are one of the simplest gust generators and produce homogenous,
semi-isotropic turbulence in the same plane as the grid. Studies in past years have used grids
with perpendicularly oriented square or round bars [14] with varying mesh sizes. The simplicity
and non-dynamic nature of the boundary conditions means consistent turbulence conditions
without complicated implementation. It can also be used in much smaller wind tunnels compared
to other passive methods and has seen the most use when studying turbulence characteristics
with no model testing [13]. The disadvantages are that turbulence grids suffer greatly from the
integral length scale problems, especially in small wind tunnels. The turbulent length scales were
found to be largely sensitive to the mesh size of the grid, where the length scales were typically
found to be around 90% of the mesh size [15].
1.3.2.1.2 Roughness Obstructions
The lack of large turbulence length scales means aerodynamic model testing cannot
produce results comparable to full scale bodies. To increase the length scales with a passive
method, roughness obstructions are used instead. These can be implemented by introducing floor
roughness, roughness obstructions in the entrance, or a combination of both. Floor roughness has
been used in facilities such as the Boundary-Layer Wind Tunnel Laboratory shown in Figure 6,
where an aerodynamic building model is introduced for structures testing.
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Figure 6 - Photo of the Boundary-Layer Wind Tunnel Laboratory at The University of Western Ontario. Here, an aerodynamic
building model has been placed for structures testing [11].

This roughness floor method produces a large turbulent boundary layer that develops over
20 𝑚 − 30 𝑚 and is consistent between tests. This method’s success is how it produces
turbulence in a similar way to the natural wind environment, where the roughness of the planet’s
surface induces the turbulent boundary layer. The results of this setup are shown in Figure 7,
where the boundary layer grows much larger than other rough surfaces such as carpet.
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Figure 7 - The results of roughness boundary layer testing in a long wind tunnel. The boundary layer grows to around 1m over a
20m test section [11].

While this method produces turbulence closer to the required length scales, it requires a very
large test section. The other roughness methods were developed to try and reduce this problem,
one of note is a roughness spires method. As seen in Figure 8, the roughness spires method
combines the use of an entrance obstruction and a roughness floor to produce a large boundary
layer in a much smaller wind tunnel.

Figure 8 - A photo of a roughness spires setup in a normally smooth wind tunnel. This wind tunnel was converted from
aeronautics use to civil engineering use by doing this [11].
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This method was investigated more thoroughly so that the spires and roughness floor could be
designed from empirical equations for future use. The primary problem with this method is the
lack of similitude to the atmosphere [11]. Testing showed that around the lower one-tenth of the
boundary layer, the velocity profile follows the logarithmic law. However, above one-tenth of
the boundary layer in the wind tunnel, these relationships do not hold as the nature of the
turbulent energy changes significantly. Since the spectrum is only applicable for the lower onetenth of the boundary layer, the turbulent energy in the upper regions of the boundary layer in a
wind tunnel cannot be accurately predicted from wind tunnel testing. This lack of similitude is
more prevalent in the roughness spire method than the roughness floor method.
1.3.2.2 Active Methods
1.3.2.2.1 Oscillating Vanes Gust Generators
Active methods were developed to improve upon the deficiencies of passive methods,
especially in smaller wind tunnels. The first type of active method is an oscillating vane gust
generator. An oscillating vane, or gust vane, is a thin object that spans the width or height of a
wind tunnel and can rotate in an oscillatory motion. Airfoils and flat plates have been used, and
several examples exist, both in recent years and some around the mid-20th century. These
systems are generally not used for modeling atmospheric turbulence; rather, they generate large
step changes in velocity. Integral length scales are not of interest for this reason, except for one
case [10], since the turbulence characteristics do not match atmospheric turbulence.
Oscillating vane systems consist of few moving parts, so they can be modeled with
potential flow around solid bodies (Appendix B) [12]. An airfoil with circulation, shown in
Figure 9, is modeled in a potential flow situation.
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Figure 9 - A picture representation of the analytical model presented by [12]. Here, only one airfoil is used, but the general
concept applies to more than one airfoil with some corrections.

The problem is constructed such that an array of point vortices represents the wake directly
behind the airfoil. The model is two-dimensional because the airfoil spans the wind tunnel width
and has constant chord length. Evaluation of the harmonic motion of the airfoil leads to a
relationship between the maximum pitch angle and the maximum wind gust angle. The wind
gust angle is defined as the angle between the velocity magnitude direction and the free-stream
velocity, or angle 𝛼 from Figure 9. This relationship is represented by [12]
𝐴
= 8|𝐶(𝑆𝑡)|𝑆𝑡,
𝛽𝐴𝑔

(19)

where 𝐴 is the maximum wind gust amplitude, 𝛽 comes from the Prandtl-Glauert analogy to
account for compressibility effects, 𝐴𝑔 is the maximum pitch amplitude of the airfoil, 𝐶(𝑆𝑡) is a
lift-deficiency function to account for wake forces, and 𝑆𝑡 is the Strouhal number for the airfoil,
given by

𝑆𝑡 =

𝑓𝑔 𝑐
,
𝑈0

(20)

where c is the airfoil chord length and 𝑈0 is the free-stream velocity. Maximum pitch angle is
also kept small to avoid non-linearity [12].
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Equation (19) results from an analysis with infinite wind tunnel height, but is corrected
by using a finite tunnel height. This simplified flow model predicts the beneficial effect of
Strouhal number up to values of 0.5, but improved dynamic models presented afterward show
this only holds for Strouhal numbers up to 0.25. Values above 0.25 show a detrimental effect on
the gust angle and test results support the dynamic model. These results are shown in Figure 10,
with a further comparison to the improved dynamic model.

Figure 10 - Comparison of the incidence ratio to Strouhal number for the dynamic model and test results [12].

The analytical model was used to determine variables of interest, namely the Strouhal
number and Mach number. A gust generator using twin oscillating airfoils was the apparatus
used for validating the theoretical models. This gust generator, mounted transversely in the wind
tunnel, is shown in Figure 11.
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Figure 11 - A twin oscillating airfoils gust generator mounted transversely in a wind tunnel [12].

Results showed that this gust generator produces oscillating gust angles at the measurement
probe seen in Figure 11. Due to the small airfoil pitch angle, transonic wind speeds, and high
airfoil oscillation frequencies these gust angles were on the order of 1° [12]. Twin oscillating
airfoils were also implemented in an open-jet tunnel facility for low subsonic speed, for wing
load testing [16]. Here, the airfoils are oriented vertically instead of transversely, producing
longitudinal and transverse gusts. The example of this is shown in Figure 12, where smoke
testing is being conducted to show the oscillatory gust angle.

Figure 12 - Smoke testing to check for sinusoidal oscillation of the gust angle [16].
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This result is also verified using CFD. Initial design studies of this gust generator were done in
ANSYS Fluent. These are transient solutions to view the development of the sinusoidal gust field
behind the airfoils. Contours of the gust angle in one simulation are shown in Figure 13, where
the range varies from negative 10° angle of attack to positive 10° angle of attack.

Figure 13 - Initial CFD results using ANSYS FLUENT for a twin airfoil system in a gusting condition. Contours shown in dark
blue are negative 10° angle of attack and contours shown in dark red are positive 10° angle of attack [16].

This is a similar result to that seen in the previous case [12]. It also shows the effectiveness of
two airfoils in larger wind tunnels, making the configuration viable for a wide range of wind
tunnels. Based on the analytical model, the increased size of the wind tunnel with lower wind
speeds would contribute to larger gust angles. Results show gust angles of approximately 10°
achieved, verifying this claim.
Oscillating systems can also use an array of airfoils. One example airfoil array can
produce gusts laterally and longitudinally by changing the array layout and oscillating the airfoils
out of phase with each other [17]. The airfoil array was built into a channel in a 7 ft by 10 ft wind
tunnel section as seen in Figure 14.

26

Figure 14 - A photo of an airfoil array gust generator. The channel covers the motor apparatus to prevent unintentional
aerodynamic effects [17].

The structure supports multiple rows and multiple columns of airfoils. Figure 15 shows the
results of a computer simulation of the gust field, with six rows and two columns of airfoils.
While the results were found with computer simulation, the diagrams are sketched by hand [17].

Figure 15 - A sketched diagram of the wind flow field for gusting conditions. This airfoil configuration was intended to produce
vertical wind gusts [17].
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Computer simulations provide a picture of the gust field, but time series readings taken at
different positions show the primary gust directions. Figure 16 shows a comparison between a
reading in the middle of the wind tunnel and a reading at the bottom of the wind tunnel. A single
column of airfoils was used for these readings.

Figure 16 - Example time series data for both vertical velocities and longitudinal velocities. The diagram at the top is the airfoil
configuration, phase setting, and where the measurements were taken [17].

Readings in the left diagram were taken in the middle of the tunnel and readings in the right
diagram were taken at the bottom. The airfoil configuration here is intended for vertical gust
generation but produces longitudinal gusts as well. Another configuration moves half of the
airfoils 180° out-of-phase to the other half to produce longitudinal gusts. This split is made at the
longitudinal centerline, shown in Figure 17 with corresponding time series readings.

28

Figure 17 - Time series data for a longitudinal gust configuration [17].

The longitudinal gust configuration produces longitudinal gusts throughout the tunnel, but no
longer produces vertical gusts. The effect carries for two columns of airfoils, but two columns
increases the gust magnitudes in both configurations [17]. Results for this gust generator support
that vertical gusts are produced by the reversing circulation, while longitudinal gusts are
produced by blockage effects in the tunnel. While gust angle was not observed, it can be
calculated from the velocity magnitudes. From the time series data, it is seen that the gust angle
changes sinusoidally for the vertical gust configuration. Another conclusion made from these
results is the gusts do not appear simultaneously, meaning a full gusting condition like that seen
in atmosphere is not achieved [17].
Oscillating vane gust generators successfully produce large wind gusts in a variety of
wind tunnels. This is useful in high load testing and fatigue testing, as the gusts have large
velocity differences and vary sinusoidally. A consistent issue with these systems is the inability
to simulate atmospheric turbulence. One exception is an oscillating vane system implementing
both oscillating plates and oscillating vanes in tandem [10]. Combined with a feedback control
algorithm, this system can produce gusting time series closely resembling atmospheric
turbulence. However, due to mechanical limitations, it is unable to simulate frequency
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components higher than 5 Hz [10]. Furthermore, the turbulence is not isotropic in the tunnel
cross section, so it is still unsuitable for true atmospheric turbulence simulation.
1.3.2.2.2 Active Grid Gust Generators
Another type of active gust generator are active grid gust generators. Active grid gust
generators consist of a type of array, or grid, that spans the entire tunnel cross section. Active
grid gust generators were developed to increase the integral length scales of turbulence while
maintaining gust isotropy. One attempt was a vibrated grid system, which was oriented as a
passive grid system, but the transverse and vertical bars oscillated in the perpendicular direction
of the bars. This showed marginal improvement over the passive grid system, and the turbulence
field was not fully developed from this system [13]. Another example is shown in Figure 18,
which is referred to as a jet-style wind tunnel [11].

Figure 18 - A photo of the upstream section of a jet-style wind tunnel at the University of Toronto Institute for Aerospace Studies
[11].
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In a jet-style wind tunnel, the jets could individually modulate the mean wind velocity. By
varying the mean wind velocity for jets independently from each other, turbulence could be
created. This did not show superior turbulence characteristics and was expensive compared to
other systems [11].
A successful active grid system is the Makita grid system [13]. A photo of this system is
shown in Figure 19, which shows the overall grid and the unique diamond shaped wing that it
utilizes.

Figure 19 - The Makita grid system before it is installed in a wind tunnel [15].

In this grid system, the diamond shaped wings are oriented on rods that rotate
independently from each other using separate motors. Original development of this grid used
random pulse control to randomly rotate the rods for better representation of atmospheric
turbulence. Gusting conditions with this grid generate turbulent length scales large enough to
have an inertial subrange in a small wind tunnel. Compared to passive grids that produce length
scales 90% of the mesh size, the Makita grid generates length scales approximately four times
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the mesh size [13]. Three-dimensional gusting conditions are simulated due to the blockage and
transverse and vertical circulation variation around each wing. This is the closest to atmosphere
of any gust generation method. However, this system introduces increased anisotropy with
higher excitation of the grid, making full simulation of atmosphere unachievable.
Originally, the diamond wings are aligned on each rod. The wings and rods can be
customized to introduce specific flow conditions. For example, a Makita grid used in microaerial vehicle testing introduces large wind gusts at regularly at two cross-sectional locations.
Figure 20 shows this system in its four phases of intended operation.

Figure 20 - The Makita style grid in four phases of operation. The grid starts in the (A) orientation and moves to (B), (C), then
(D). From (D), it reverses, going to (C), (B), then (A), and repeats [18].

This is done by orienting the next wing on the rod 30° out-of-phase from the previous wing on
the rod. With four wings, the first and last wings are 90° out-of-phase. This configuration
introduces significantly increased and decreased blockage at two diagonals, creating the large
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wind gusts. Micro-aerial vehicles are susceptible to these large gusts; thus, this configuration
creates a representative condition to that of atmosphere [18].
The Makita grid is a compromise between large turbulence length scales and gust
isotropy. Length scales large enough for an inertial subrange are developed, making the
observation and modeling of turbulence characteristics possible. With different alignment of the
diamond wings, specific flow conditions can be achieved. Primary issue with this system is the
complexity. The manufacturing and control system are extensive and modeling the system
numerically or in CFD is computationally expensive.
1.3.2.3 Summary and Considerations
All gust generator styles are evaluated for their potential application in the present work.
Table 2 presented here shows the pros and cons of each gust generator system.
Table 2 - Summary of gust generator characteristics.

Gust Generator

Passive Grids

Roughness
Obstructions

Pros
•
•
•
•
•
•
•

Isotropic, homogenous turbulence
Repeatable
Any size wind tunnel
Simple
Large turbulent length scales
Repeatable
Follows logarithmic law for wind

•
•

Small turbulent length scales
Small velocity fluctuation only

•

Very large wind tunnel test
sections
Does not achieve true
atmospheric similarity

•

Large velocity differences in multiple
directions
Simple

•

Large turbulent length scales
Customizable flow conditions
Three-dimensional gusting
conditions

•
•
•

Oscillating Vanes
•

Active Grids

Cons

•
•
•
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•

•

Cannot be used for turbulence
characteristics
Low frequencies
Complicated
Expensive
Difficult to evaluate
numerically

Observation of turbulence characteristics and aerodynamic models undergoing turbulent wind
conditions are the reasons to use a gust generator. The tandem oscillating vane generator [10]
and Makita active grid [13] are the only gust generators capable of producing turbulence
conditions close to atmosphere, as well as large wind gusts used for aerodynamic model testing.
Both gust generators have a complicated mechanical design and are expensive to manufacture
but are robust gust generators applicable to a variety of projects.
Passive grids have been used extensively for observing turbulence characteristics [13].
Homogenous and isotropic turbulence is achieved, which are conditions for atmospheric
similarity. Aerodynamic model testing is limited using passive grids due to the small integral
length scales and the inability to produce large wind gusts. Small length scales also prevent
turbulence modeling using common spectrum models like the von Karman spectrum.
Improvement is seen with roughness obstruction methods, where the turbulent boundary layer
has larger length scales and closely matches an atmospheric velocity profile over the height.
Structures testing of scale model high-rise structures has been done using roughness obstructions
in large wind tunnels; however, the lack of similarity to atmosphere due to the turbulent energy
difference needs to be accounted for. Roughness obstructions also cannot produce large velocity
changes for unsteady high aerodynamic load cases. For these cases, oscillating vane gust
generators produce large wind gusts, used in observation of aerodynamic models in high load
conditions. Large wind gusts at low frequency is a common occurrence in atmosphere making
oscillating vane systems a simple and low-cost choice. Equipment capable of high frequency
oscillation is required for wind speeds in the transonic or supersonic regime as the aerodynamic
effects occur at higher frequencies.
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The present work requires large pressure differences to occur on an enclosure face at
regular intervals. Turbulence characteristics are not observed, and the operational frequencies are
low. For these reasons an oscillating vane gust generator is the method of choice. The simplicity
of the design reduces mechanical, programming, and manufacturing complications. The sizing
and configuration is investigated using CFD to choose an optimal design for gust size with
minimal effect on the wind tunnel.
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2. OBJECTIVES

The parameter of interest in the present work is to assess the effect of an opening area of
specific dimensions on the response time to achieve pressure equilibrium across an enclosure. If
the time response is a function of the opening area 𝐴, then the opening area can be estimated
(experimentation and equation (4)). A gust generator producing large wind gusts must be
developed and characterized for this purpose. An enclosure that has variable opening area to
simulate varying infiltration rate must also be developed and instrumented to record pressure
response time between the exterior and interior. The hypothesis is that the pressure response time
is proportional to the infiltration area. Provided the testing supports this hypothesis, further
testing can be done to examine the applicability to larger enclosures with air infiltration closer to
that seen in actual buildings.
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3. METHODS

Testing pressure differences across a model pressure box requires large wind gusts. A
gust generator must be developed and added to the wind tunnel to achieve these gusts. The
pressure box must be sealed and have interchangeable opening areas on the windward face to
quantify the change in pressure response time. Designing the gust generator and pressure box for
the present work followed the procedure shown in Figure 21.

Figure 21 - Flowchart showing the design procedure process.

3.1 Crosby Hall Wind Tunnel
The design of the gust generator and pressure box are constrained by the size of the wind
tunnel in the Crosby Hall Wind Testing Facility. This wind tunnel is the closed-loop wind tunnel
shown in Figure 22.
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Figure 22 - A CAD rendering of the Crosby Hall Wind Tunnel.

The Crosby Hall Wind Tunnel is a student-built, closed-loop, and subsonic wind tunnel made
from wood. Wind is driven by a 29.83 kW fan with a rotor diameter of 965 mm, which is rated
for 10.86 m3 ⁄s. The nozzle contraction ratio is 7: 1 and has an aluminum honeycomb screen for
flow straightening before the nozzle. The tunnel test section is 750 mm × 750 mm × 2000 mm
and the peak wind speed is 24.14 m⁄s. Initial CFD results show large levels of turbulence in the
corner before the nozzle, as turning vanes have not been installed. Turbulence intensities and the
velocity field has not been evaluated experimentally to investigate this.
3.2 Gust Generator Design
An oscillating vane gust generator is the most suitable gust generator because it can
produce large longitudinal gusts, is simple to implement, and is appropriate for the wind tunnel
test section size. The different design criteria to be evaluated will be gust vane size and number
of gust vanes. To evaluate the aerodynamics of this system, two-dimensional flow models are
implemented in STAR CCM and ANSYS CFX and the lift and moments on the gust vanes are
estimated using XFLR5. Following this, a simplified stiffness analysis is done on the support
structure to ensure adequate structural margins. A stepper motor control system is then
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implemented for oscillating the gust vanes, which is controlled using LabVIEW. Figure 23
shows the location of the gust generator.

Figure 23 - Location of the gust vanes in the tunnel referenced to the tunnel test section inlet and outlet.

The gust vanes are positioned 168 mm into the tunnel to ensure a uniform flow field after the
tunnel contraction. The spacing between the gust vanes is chosen so they cannot physically
contact but are close together, as closer gust vanes provide better gust uniformity [16].
3.2.1 Aerodynamic Evaluation
3.2.1.1 Initial CFD Results
The CFD evaluation was initially conducted using STAR CCM and then again in
ANSYS CFX. The velocity field with the gust vanes installed needs to be evaluated for different
angles of attack. A combination of two small airfoils, three small airfoils, and two large airfoils
are considered. All solutions are two-dimensional and steady-state flow with different angles of
attack for each configuration. The small chord length size is 150 𝑚𝑚, as this is a comparative
size based on previous gust generators [12] [17]. The larger chord length size is chosen as
300 𝑚𝑚. The NACA 0018 airfoil is chosen, since the large thickness has improved stiffness
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during high load cases. This occurs at higher angles of attack, when the largest longitudinal gusts
are generated. The airfoil is modeled with a blunted trailing edge to better represent a true airfoil,
which can be seen in Figure 24. This is the example of the 150 𝑚𝑚 chord length airfoil and the
300 𝑚𝑚 is modeled the same way.

Figure 24 - Side view of a NACA 0018 airfoil used in CFD modeling.

The circle is located at the aerodynamic center, where the lift force acts and eliminates pitching
moments. This also serves as the axis of rotation for the airfoils. The flow region is modeled in
Solidworks with a small thickness to reduce the problem to two-dimensional flow. This can be
done because the airfoils will span the width of the tunnel, meaning the tip effects are negligible.
Furthermore, the airfoils are constant chord throughout, so the aerodynamic forces are constant
over the width of the tunnel.
Flow domains are created for all CFD simulations with identical boundary conditions.
Figure 25 shows the flow domain for the two 150 mm chord airfoil case, with the overall mesh
as well as the defined boundary conditions.
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Figure 25 - CFD mesh with boundary conditions. The same mesh settings are used in all cases.

Curvature meshing and defining the boundary layer on the airfoils is used to increase the mesh
density around the airfoils in the model. Mesh density behind the airfoils is not refined for wake
vortices since the longitudinal velocity is the parameter of interest. The mesh detail is shown in
Figure 26.

Figure 26 - Close-up image of the mesh detail around the airfoils. The z-direction in this case is out of the page, orthogonal to
both x and y directions.
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Tetrahedral elements are used throughout the domain, the minimum allowable size of the mesh
elements is set to 1.000 × 10−3 mm, and the maximum size is set to 5 mm. This size was
confirmed with mesh convergence over five mesh sizes. The size of the domain is 750 mm ×
2000 mm, with a small thickness to define the flow conditions at different edges and faces of the
model.
Inlet velocity is set to 18.00 m⁄s uniformly over the vertical height of the domain. The
airfoils and the walls above and below them are defined as non-slip walls. The outlet flow
condition is set to 0 Pa gauge pressure. To ensure a two-dimensional flow, the front and back
faces of the domain are defined as symmetrical, which assumes the flow is infinitely symmetrical
in the z-direction of the model. All airfoil configurations are simulated for 0° angle of attack,
±5° angle of attack, and ±10° angle of attack. Simulations are for steady state solutions, so a
second-order upwind scheme is used for faster simulation time. The turbulence model used is a
shear stress transport, or SST, 𝑘 − 𝜔 model for its better performance in enclosed flows
compared to 𝑘 − 𝜖 models [19].
The first cases simulated are the 0° angle of attack cases to view the effects of tunnel
blockage from the airfoils. Figure 27, Figure 28, Figure 29 show the results for the two 150 mm
airfoils, two 300 mm airfoils, and three 150 mm airfoils at zero angle of attack, respectively.
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Figure 27 - CFD simulation of two 150 𝑚𝑚 chord airfoils at zero angle of attack.

Figure 28 - CFD simulation of the two 300 𝑚𝑚 chord airfoils at zero angle of attack.
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Figure 29 - CFD simulation of three 150 𝑚𝑚 chord airfoils at zero angle of attack.

The results show that the blockage effect from the two 300 mm chord airfoils is significantly
higher than either of the 150 mm chord airfoil cases. There is also a consistent negative velocity
behind the airfoils due to the blunted trailing edge. This suggests that in more refined
simulations, the mesh density needs to be increased directly behind the airfoil to quantify these
recirculation areas.
The increased and decreased angle of attack cases are simulated to view the velocity
differences between the roof and floor of the tunnel test section. The examples of these cases are
shown in Figure 30 through Figure 35. Table 3 quantifies the velocity minimum, maximum, and
difference for the 10° angle of attack cases.
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Figure 30 - CFD simulation results for two 150 𝑚𝑚 airfoils at 5°angle of attack.

Figure 31 - CFD simulation results for two 150 𝑚𝑚 airfoils at 10° angle of attack.
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Figure 32 - CFD simulation results for two 300 𝑚𝑚 airfoils at 5°angle of attack.

Figure 33 - CFD simulation results for two 300 𝑚𝑚 airfoils at 10° angle of attack.
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Figure 34 - CFD simulation results for three 150 𝑚𝑚 airfoils at 5°angle of attack.

Figure 35 - CFD simulation results for three 150 𝑚𝑚 airfoils at 10° angle of attack.

Negative angles of attack cases are also simulated to show the symmetrical results about the
longitudinal axis (Appendix D).
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Table 3 - CFD results comparison for the total minimums and maximums observed in each airfoil configuration for the 10°
cases.

CFD Results Comparison
Configuration

Minimum

Maximum

Difference

Velocity (m/s)

Velocity (m/s)

(m/s)

Two 150 mm Airfoils

16.214

20.075

3.861

Two 300 mm Airfoils

12.867

24.070

11.203

Three 150 mm Airfoils

15.908

20.912

5.004

Two 300 mm have an advantage for producing large velocity differences. Two 150 mm airfoils
do not produce differences large enough to be defined as normal wind gusts, but the difference is
within one meter per second. Three 150 mm airfoils do produce gusts large enough, but this is
not much larger than the two airfoil case. Considerations are taken since these are steady-state
solutions; therefore, the sinusoidal nature of the gusts are unknown from these results.
3.2.1.2 Estimating Lift and Moment
The program XFLR5 is used to evaluate the two-dimensional NACA 0018. XFLR5 is an
extension of the program XFOIL, developed for the analysis of low Reynold’s number airfoils. It
utilizes a vortex panel method made for either direct solving of airfoil polars or inverse solving
of an airfoil shape given aerodynamic design parameters. Additionally, it implements the
Karman-Tsien compressibility correction and superimposed source distributions on the airfoil to
account for flow viscosity [20]. It has been shown to calculate results comparable to past airfoil
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data [21]. Inputs into the XFLR5 program are airfoil shape coordinates and the Reynolds
numbers of interest. The Reynolds number for input into the program was calculated using

𝑅𝑒 =

𝑈∞ 𝐿𝑐ℎ𝑎𝑟 𝑈∞ 𝑐
=
𝜈
𝜈

(21)

where 𝑈∞ is the free stream velocity, 𝐿𝑐ℎ𝑎𝑟 is the characteristic length or the chord length 𝑐 for
an airfoil, and 𝜈 is the kinematic viscosity. The kinematic viscosity is assumed to be for 20° C,
which is 1.511 ∗ 10−5 m2 ⁄s. The free-stream velocity used is the maximum rated test section
speed of 𝑈∞ = 24.14 m⁄s. The two chord lengths from the CFD simulations are used, 150 mm
and 300 mm. From these values, the Reynolds number calculations are 2.396 × 105 and
4.793 × 105 for the 150 mm chord length and 300 mm chord length, respectively. Using these
as the inputs into the XFLR5 program, the lift polars calculated for these airfoils is shown in
Figure 36.

Figure 36 - Lift polars for the two Reynolds numbers i.e. the two airfoil sizes, since the wind speed and kinematic viscosity were
considered constant. The Reynolds numbers listed are 240 × 103 and 479 × 103.
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The 150 mm chord airfoil shows a maximum lift coefficient of 1.103 and the 300 mm chord
airfoil shows a maximum lift coefficient of 1.152. The moments on the airfoil are also needed,
therefore the moment polars are shown in Figure 37 from XFLR5.

Figure 37 - Moment polars for the two chord lengths.

The maximum moment coefficient for the 150 mm chord airfoil is found to be 0.065 and for the
300 mm chord airfoil is 0.059.
With the lift and moment coefficients, the lift force and moments are computed using
1 2
𝐿 = 𝜌𝑈∞
𝑆𝐶𝑙 ,
2

(22)

and

𝑀=

1 2
𝜌𝑈 𝑆𝑐𝐶𝑚 ,
2 𝑖𝑛𝑓
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(23)

where 𝜌 is the density of air, 𝑆 is the planform area of the airfoil, and 𝐶𝑙 is the lift coefficient. For
the 150 mm length, the lift is 43.6 N and for the 300 mm chord length it is 91.0 𝑁. From this the
150 mm chord airfoil moment is 0.39 N-m and the 300 mm chord airfoil moment is 1.40 N-m.
3.2.1.3 Tunnel Blockage
Wind tunnel blockage is an evaluation of the velocity distortion caused by introducing a
solid object in the wind tunnel test section. By introducing an object, the effective airflow area is
reduced, and the average velocity over the entire cross-sectional area increases due to
conservation of mass. If the blockage ratio is too large in a wind tunnel, the flow becomes
distorted from the interaction of the wall boundary layer and the object boundary layer [22]. To
examine the tunnel blockage, the tunnel blockage relation for a two-dimensional airfoil is given
by [23]

𝜖𝑠𝑏 = 0.822𝜆2

𝑡2
,
ℎ2

(24)

where 𝜆2 is a factor dependent on the fineness ratio of the airfoil, 𝑡 is the airfoil thickness, and ℎ
is the wind tunnel height. The fineness ratio for an airfoil is given by
𝑐
𝐹𝑖𝑛𝑒𝑛𝑒𝑠𝑠 𝑅𝑎𝑡𝑖𝑜 = ,
𝑡

(25)

For the short chord airfoil, the fineness ratio was calculated to be 5.556. Using Figure 38 shown
below, the value of 𝜆2 was found to be approximately 2.75.
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Figure 38 - Relationship between the factor 𝜆2 and different two-dimensional shapes in a wind tunnel [23].

With the tunnel height being 750 mm, the solid blockage for one of the 150 mm chord airfoils is
calculated to be 0.3%. Thus, for two airfoils it is 0.6% and for three it is 0.9% by summing the
component blockages of all airfoils [23]. For the 300 mm chord airfoil, the fineness ratio and 𝜆2
stay constant due to the same percentage thickness. However, the blockage ratio for the long
chord airfoil is calculated as 1.2%, and thus 2.4% for two airfoils, due to the increased total
thickness. These results show that, in an ideal airfoil case for either size, the tunnel blockage is
not an issue, as acceptable levels of tunnel blockage are below 10% [22]. However, it is unlikely
that the airfoil has an ideal profile, considering the manufacturing methods that are used in the
present work. Therefore, tunnel blockage is still a significant factor in choosing the airfoil size.
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3.2.2 Simplified Stiffness Analysis of the Vanes
Using the estimated lift forces, a simplified stiffness analysis is done using the EulerBernoulli equation. Beam bending is examined to ensure that a non-uniform lift distribution is
not generated from the beam deflection at the center. The boundary conditions for this beam are
zero deflection and deflection angles at 𝑥 = 0 and 𝑥 = 𝑏, where 𝑏 is the beam length. The free
body diagram for this analysis is shown in Figure 39.

Figure 39 - The free body diagram for the beam used in the stiffness analysis.

In this system, the supported ends are fixed in rotation and the lift force is distributed uniformly
along the beam. Solving for the deflection in the Euler-Bernoulli equation with the zero
deflection and beam angle at the ends as boundary conditions, the equation simplifies to

𝑣=

5𝐿𝑏 4
,
384𝐸𝐼

(26)

where 𝐿 is the lift force, 𝐸 is the modulus of elasticity, and 𝐼 is the area moment of inertia. The
intended support structure for the airfoil was to be a steel tube. For general structural steel, the
modulus of elasticity is 202 GPa, and the area moment of inertia for a tube is given by
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𝐼=

𝜋
(𝑟 − 𝑟𝑖 )4 ,
4 𝑜

(27)

where 𝑟𝑜 is the outer tube radius and 𝑟𝑖 is the inner tube radius. To obtain the tube radius sizes,
the airfoil thickness for each chord length are examined, and the closest commercially available
tube size to this thickness is chosen as the sample size for calculations. For the 150 mm chord
airfoil this is a tube size of 27 mm, or approximately 1 in, and for the 300 mm chord airfoil it is a
1

1

4

8

tube size of 54 mm, or approximately 2 in. Both tube sizes had thicknesses of 3 mm, or in.
With these dimensions, the 150 mm chord airfoil has an area moment of inertia of
1.145 × 10−8 m4 and for the 300 mm chord it is 4.173 × 10−7 m4 . Finally, with all values for
each airfoil and using equation (25), the maximum estimated deflection for the 150 mm chord
airfoil is 9.500 × 10−2 mm and for the 300 mm chord airfoil it is 5.000 × 10−3 mm. These
results are negligible considering the scale of the device. Further considering this is the
deflection of the support structure without the added stiffness of the airfoil components, beam
bending is not an issue even in the worst-case scenario of loading.
3.2.3 Final Design
Using the results from CFD and the stiffness analysis, the parameters of interest are
compared in a decision matrix. This is shown in Table 4, where the weighting and scores of the
categories are from one to five.

54

Table 4 - Decision matrix for the gust generator parameters.

Gust Generator Decision Matrix
Variable

Weight Two 150 mm Airfoils Three 150 mm Airfoils Two 300 mm Airfoils

Gust Size

5

1.25

2.5

5

Tunnel Blockage

5

5

3.33

1.25

Simplicity

3

5

2

5

Loading

1

5

4

4

51.25

39.15

50.25

Scores

Two 150 mm chord airfoils produce the smallest wind gusts, but they are not too small to be
excluded entirely. Calculated tunnel blockage from the airfoils is negligible for zero angle of
attack; however, the CFD results show that the 300 mm chord airfoils have a much larger effect
on the velocity field than the 150 mm size in the zero angle of attack case. Two airfoils instead
of three simplifies the oscillation method considerably since it can be done with a simple belt or
chain system. Lastly, with the beam deflection being negligible, it has the least effect on the
decision, but the two small airfoils have a slight advantage due to the moment calculation
allowing a smaller motor to be selected. Based on the decision matrix, the choice is two 150 mm
airfoils, having the least effect on the wind tunnel and being a simpler design. To compensate for
the small wind gusts, experimental testing is expanded beyond what was simulated in CFD.
3.2.4 Control System of the Gust Generator
The design of the gust generator must operate over a range of gust vane oscillation
frequencies; to meet this stipulation a variable speed motor or actuator is needed. From the
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reviewed literature, there are several ways of actuating the oscillation of the vanes. Of interest
are stepper motors, which offer better programmability of the oscillation frequencies for multiple
gusting tests. With the oscillating vane system, it is infeasible to achieve true turbulence
conditions, but peak velocity gusts do not need to be high frequency. The motor implemented
into the final design is a hybrid stepper motor capable of producing 12.75 N-m of torque, which
satisfies the torque needed to overcome the moment induced by the wind and lift.
Interfacing the motor with the vane support structure is done by means of a machined
coupling, which adapts the motor shaft size to fit the inner tube diameter of the gust vane. To
transmit torque from the motor to the vane, set screws are used to apply force on the motor shaft
and rigidly hold the adaptor to the vane support structure. Due to the weight of the motor, a
support plate is added to take weight off the gust vane support tube. Finally, to ensure
synchronous rotation between the vanes, a chain and sprocket assembly is attached, again
transmitting torque between the two vanes by means of set screws. The exploded view in a 3D
model shows this setup in Figure 40.

Figure 40 - Exploded 3D model view of the control system.

56

The chain is modeled as a virtual linkage, so it is not shown here, and the second sprocket is also
not shown. A picture of this chain and sprocket assembly is shown in Figure 41 for the physical
assembly.

Figure 41 - The chain and sprocket assembly of the gust generator with no motor or support plate attached.

3.2.4.2 Stepper Motor Driver and Power Supply
The stepper motor driver chosen is a National Instruments SMD 7614 paired with a
National Instruments PS-13 power supply. This stepper motor driver supplies the amperage
required for the stepper motors in the bipolar series wire configuration. The driver and power
supply are put into a junction box that was attached to the tunnel, and cooling fans are included
on the sides of the junction box to prevent overheating in the box for prolonged tests. The wiring
diagram for this system is shown in Figure 42 and the junction box is shown in Figure 43.
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Figure 42 - Wiring diagram for the gust generator, and the relative locations of the components. Motor driver and power supply
are shown next to each other for diagram clarity, with true locations shown in Figure 43.

Figure 43 - Junction box assembly attached to the wind tunnel, with true locations of the power supply and motor driver.
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3.2.5 Gust Generator Manufacturing and Assembly
The gust vanes are made in three parts, with a separate leading edge, support structure,
and trailing edge. This concept is sketched in Solidworks to use in a laser cutter. Templates for
the leading edge and trailing edge are laser cut from plywood for accurate manufacturing of the
gust vane core material. Figure 44 shows these templates.

Figure 44 - Laser cut templates of the leading and trailing edges for the gust generator vanes.

The templates serve as a guide for cutting the core material to help ensure the correct shape. Blue
large cell Styrofoam commonly used in small aircraft is used. Cutting the Styrofoam is done
using a hot wire cutter, then the foam cores are adhered to the tube support structure using epoxy
resin and filler material. This fills in the gaps between the foam core and support structure and
provides a surface that can be sanded down for a fiberglass coating. The filler material is sanded
down to a smooth surface, cleaned, and a fiberglass layer is epoxied to the gust vane. When the
layer dries, the surface is again sanded until smooth, and the process repeats until the gust vanes
have no defects. The gust vanes are then spray painted and left to dry. This final product is
shown in Figure 45.
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Figure 45 - The spray-painted gust vanes.

3.2.4.4 Full Gust Generator Assembly
The gust generator is modeled in Solidworks using a simplified model of the wind tunnel
test section. This is shown in Figure 46 without the junction box and wiring.

Figure 46 - Full model of the mechanical system of the gust generator from a downwind view.
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The panels normally attached to the side of the tunnel test section are removed to show the scale
of the airfoils with respect to the size of the tunnel. To show the placement of the junction box,
the physical assembly of the gust generator system is shown in Figure 47.

Figure 47 - Photo of the gust generator system.

3.3 Pressure Box Design Procedure
The pressure box needs to be sealed and have variable opening areas. For Reynolds
number similarity compared to full sized buildings, the pressure box size and wind speed must be
scaled accordingly. The expected Reynolds number for a building is calculated with equation
(34), except instead of the chord length, the characteristic length used is the height of a house.
For a representative house with a height of 24 ft, or 7315 mm after converting, an average wind
speed of 3.5 m⁄s for the state of Maine [24], and the kinematic viscosity of air at 20° C, the
Reynolds number is calculated as 1.694 × 106 . Scaling the pressure box requires examination of
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the expected blockage ratio. A maximum blockage ratio of 10% is used for this purpose, as it is
considered a reasonable value [22]. The projected area for this blockage ratio is calculated as
56000 mm2 and taking the square root for a representative box height gives 237 mm. Solving for
the wind velocity in equation (34), using the box height as the characteristic length, and the
Reynolds number for a house, the wind velocity required is 108.0 m⁄s. Since the maximum rated
speed of the University of Maine Crosby Hall Wind Tunnel is 24.14 𝑚⁄𝑠, the Reynolds number
scaling is unachievable. Despite this, dimensional scaling is still achievable for infiltration
opening area compared to box size and the wind speed is increased beyond what is seen in
atmosphere to increase pressure response.
3.3.1 Box Sizing and Lid Design
Sizing of the box is based on the ability to hold equipment and maximizing the volume to
increase the volume parameter from equation (4) for the time response. To reduce the blockage
ratio below the 10% maximum, a baseline frontal face size of 200 mm is chosen, which gives a
blockage ratio of 7%. Material considerations for the box are either wood or 3D printed plastic.
Steel and aluminum are not considered to reduce the complexity of manufacturing, as air
tightening a metal box is significantly more difficult with the available equipment in the Crosby
Laboratory at the University of Maine. A 3D printed plastic box is chosen for the material. A
solid box can be printed without having to join separate pieces and then put sealing material
around the joints and edges. To have the box printed using available printers, the size must
decrease slightly, and so the final dimensions of the pressure box are 180 mm × 180 mm × 180
mm, which further decreases the blockage ratio to approximately 6%.
The box needs to be able to hold the equipment for pressure testing, which consists of
two analog output pressure transducers and the supplemental materials to accompany them, like
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tubing and wiring. It also needs to be secured to the bottom of the wind tunnel test section. A
three-dimensional model is developed for 3D printing and a three-view is shown in Figure 48 to
display the important features.

Figure 48 - The pressure box three-view indicating the important aspects of the design.

From Figure 48, the bottom view of the box shows the necessary holes for mounting the box to
the wind tunnel, wiring into the box, a reference pressure tube leading to atmospheric pressure,
and a check valve for pressurizing the box without using the wind tunnel. The front view shows
how on the inside of the box, a raised surface is created for the pressure transducers with the hole
spacing corresponding to the transducer mounting holes. It also shows the four hole locations
where the lid is screwed onto the box. The side view shows that at each of these holes, there is an

63

inserted nut for the screw instead of screwing into the plastic itself. This is to prevent using
plastic threads, which are prone to breaking. The groove along the border of the front face is to
allow the lids to slightly press inside, improving the sealing along the lid. While the longitudinal
dimension is shown as 170 𝑚𝑚, the attached lid increases the size to 180 𝑚𝑚.
The interior of the box containing a pressure transducer, the wiring, the atmospheric
reference tube, and the check valve is shown in Figure 49.

Figure 49 - The interior of the actual box when fitted with the test equipment. Here only one pressure transducer is shown but it
is capable of housing two.

Sealing the box is done with a fiberglass epoxy resin which hardens as an air tight coating on the
interior and exterior box surfaces. This is done several times to ensure the box is sealed
thoroughly. This epoxy resin is chosen since it can be brushed on easily and smoothly. The
tunnel mounting holes are fitted with the screws, so rubber sealing washers are used to seal those
holes as seen in Figure 49. An adhesive sealant is used to both secure equipment and seal the
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other holes. The sealant is used on both the interior and exterior, and Figure 50 shows the
exterior example of this.

Figure 50 - Bottom of the pressure box, showing how the adhesive sealant is applied around all supplemental equipment besides
the mounting screws.

The interchangeable lids for the box provide the variation in hole opening needed for
testing. It also needs to be removable but retain the ability to seal the box around the edges. Hard
rubber was used at first, but testing showed this was ineffective. The hard rubber sheet was
replaced with a softer rubber since it presses into any gaps left by the epoxy process. While this
showed improvement, the box stilled depressurized quickly after pressurization. Finally, vacuum
bagging tape is used on the final iteration, since it is easily applied and known to work in
vacuum bagging of composites. The box with the sealing tape applied is shown in Figure 51.
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Figure 51 - The pressure box with sealing tape around the edge.

To improve the effect of the sealing tape when the lid is attached, a small indent aligned with the
box groove is added to all lids. This presses into the tape more than the flat surface alone. Threedimensional models are developed for the lids for 3D printing and Figure 52 shows a two-view
of the front and side of the lid.

Figure 52 - Example of one lid for the pressure box. This lid has no opening area for air infiltration.
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The lid shown in Figure 52 does not have additional opening area intended for air infiltration.
The only holes added to the front were the mounting holes when attaching to the box and the
pressure port, where plastic tubing can come through and connect to a pressure transducer for
face pressure readings. From the side view, it is easier to see the added indent to press into the
sealing tape. Also, from the dimensions in this view, the lid makes up for the shortened length of
the box, making the final dimensions 180 𝑚𝑚 𝑥 180 𝑚𝑚 𝑥 180 𝑚𝑚.
To incorporate the opening area subject of this investigation, the lids are designed with an
additional narrow slot through the lid, next to the pressure port. To size this opening area, an
equivalent area is taken from an example presented by ASHREA [1]. For a basic air infiltration
model, an effective air leakage area is used in calculating the airflow rate of a household. One
example presents the effective leakage area to be 77 in2 , or 49677.3 mm2 after converting, for a
two-story house. Using an approximate house area of the height multiplied by the width, or 7315
mm × 10970 mm, and dividing the leakage area by this house area, yields an area percentage of
0.062%. Multiplying this percentage by the box face area yields that percentage area to be
approximately 20 𝑚𝑚2 . Using this as a baseline, the three slot sizes used are 1 𝑚𝑚 𝑥 5 𝑚𝑚,
1 𝑚𝑚 𝑥 10 𝑚𝑚, and 2 𝑚𝑚 𝑥 10 𝑚𝑚. Three-dimensional models are generated for each of
these, and the drawings are shown in Figure 53.
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Figure 53 - Drawings of the three different crack sizes modeled on the lids. All other aspects of the lids are the same.

Sealing using fiberglass epoxy resin is also used for the lid. Instead of the sealing
adhesive for the face pressure tube, the tube is held in place and sealed with the epoxy. Closer
views of the lid and these aspects is shown in Figure 54.

Figure 54 - Front and back views of the pressure box lid.
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3.3.2 Testing Equipment
Two differential pressure transducers are installed in the box. One pressure transducer
reads the difference between the box face and atmospheric pressure and the other transducer
reads the difference between the box interior and the atmospheric pressure. Finding the correct
size pressure transducer requires calculating the expected dynamic pressure on the face of the
box. This is done by using equation (7) for the wind induced pressure and assuming a pressure
coefficient of one. Using the maximum tunnel speed and air density at sea level and 20° 𝐶, the
calculated value is 351.0 Pa. Based on this, the two pressure transducers chosen are Omega
PX137 – 0.3DV silicon pressure transducers. These transducers are rated for pressures of up to
0.3 psi, or 2070 Pa and the output reading range is 0 mV - 20 mV with an accuracy of ±1.5%.
The wiring diagram for this pressure transducer is shown in Figure 55, and a plumbing diagram
is shown for these two pressure transducers in Figure 56.

Figure 55 - Wiring diagram of the pressure transducers.
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Figure 56 - Plumbing diagram for the pressure transducers inside of the pressure box. Black lines represent tubing attached to
the pressure ports.
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4. EXPERIMENTATION

All testing was done in the Crosby Hall Wind Tunnel Laboratory at the University of
Maine, with the closed-loop subsonic wind tunnel. Experimentation is done for the gust
generator characterization and the pressure response testing for the pressure box. Figure 57
shows the experimentation categories.

Figure 57 - Flowchart of the experiments conducted.

4.1. Experiment 1 – Zero Angle of Attack Flow
4.1.1 Objectives
Installing an obstruction in the wind tunnel will influence the flow field in the wind
tunnel test section. Testing needs to be done to see the measured difference on the velocity field
and turbulence intensity field. Measurements with a hot wire anemometer provide the sensitivity
to measure turbulence and averaging the measurements in a time series provide the average
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velocity for each location. The cross-sections are located at different longitudinal locations from
the test section inlet, shown in Figure 58.

Figure 58 - Locations of cross-sections in the wind tunnel test section.

The reference directions are also shown, with the measurement points. Measurements directly
behind the airfoils are taken, then three more on each side of the airfoils. This shows the effect
on the velocity and turbulence behind the airfoils and the surrounding area.
4.1.2 Equipment
Hot wire anemometry, a data acquisition device, and LabVIEW is used in this
experiment. Supplemental equipment used is a measuring tape with millimeter increments and a
digital thermometer with overall accuracy of ±1 °C.
4.1.2.1 Hot Wire Anemometry
Velocity measurements are taken with hot wire anemometry. The hot wire anemometer
system used is a Dantec MiniCTA. A single film-wire sensor is used, which measures only the
velocity magnitude with no indication of flow direction. Wiring for this system requires a BNC
output connector which splits the signal into positive and negative voltage readings. Included in
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the circuitry is a 10 kΩ resistor to decrease interference of signal noise, as recommended by the
manufacturer. The wiring diagram is shown in Figure 59.

Figure 59 - Wiring diagram for the hot wire anemometry.

Testing with the hot wire anemometer requires a calibration with a pitot tube and incline
manometer (Appendix C). Calibration occurs every day of testing to ensure accuracy.
Uncertainty in the measurement is based on the calibration uncertainty, temperature drift during
testing, and the data acquisition accuracy.
4.1.2.2 Data Acquisition Device
The data acquisition used for the hot wire voltage reading is a NI USB 6001 analog and
digital input device. It is compatible with the LabVIEW graphical programming software and
offers single ended voltage input and differential voltage input. It has a voltage input range of
± 10 V and sampling rate of 20,000 samples per second. The data acquisition is configured to
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read differential voltage inputs from the hot wire anemometry. The aggregate accuracy due to
hysteresis, linearization, gain error, and system noise is ±6 mV.
4.1.2.3 LabVIEW Program for Hot Wire Readings
The LabVIEW graphical programming software is used for processing data from the data
acquisition. The flowchart for the program is shown in Figure 60.

Figure 60 - Flowchart for the LabVIEW program to collect voltage data.

This sampling rate is set to 1000 𝐻𝑧 and 10 samples are read per reading then averaged. The
filter is a lowpass Butterworth filter with a cutoff frequency of 60 𝐻𝑧 to filter out electrical
noise.
4.1.3 Procedure
The setup for anemometer readings is shown in Figure 61. The photo shows the 3D
printed parts required for mounting the hot wire probe to the traverse. A metal bar is attached to
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the traverse and referenced to the measuring tape for setting the vertical height of the hot wire.
The traverse operates by turning the corresponding power screws for the lateral and vertical
directions and moves in the longitudinal direction by sliding on rails mounted to the test section.
The hot wire apparatus must be entirely out of tunnel to change lateral or longitudinal positions.

Figure 61 - Experimental setup for hot wire anemometer readings.

The calibration of the hot wire anemometry is done if it has been a day since the last test. The
test section temperature is recorded using the digital thermometer before testing begins. The
traverse is moved to the 745 mm longitudinal position, then the 115 mm lateral position. A
broken hot wire sensor is used to set the vertical zero position, where the hot wire coincides with
the test section roof. This height is set as the reference zero and marked on the traverse.
Measurement locations in the tunnel is shown in Figure 62 of the tunnel cross section.
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Figure 62 - Measurement point spacing for the gust generator characterization. All dimensions in mm.

Measurement points are evenly spaced away from the airfoils and in between the airfoils. This
spacing is slightly reduced in between the airfoils. The first vertical measurement point is 80 mm
into the test section, so the traverse is lowered to this position. The broken sensor is replaced
with a working sensor and adjusted with the wire perpendicular to the flow.
The wind tunnel speed is set to 18 m⁄s for comparison to the CFD results. The data
acquisition and hot wire anemometry are wired together according to the wiring diagram in
Figure 59 and powered on. All wind tunnel panels are secured to the side of the tunnel test
section and the wind tunnel is powered on. Initial starting of the wind tunnel from rest requires
the wind tunnel to achieve steady state before readings are taken, which takes approximately 10
seconds. Once steady state is achieved, the Labview program is set to run for the desired amount
of time. Readings for this experiment were taken for 15 seconds at each location to record
average values and the turbulence intensity.
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4.2 Experiment 2 – Gusting Conditions
4.2.1 Objectives
The greatest velocity differences during gusting conditions are desired for the largest
pressure differences. The gust-producing capability of the gust generator needs to be tested, with
optimal conditions being large velocity differences measured at a single point. Several
parameters are tested to find the optimum settings for the wind tunnel and gust generator, which
are longitudinal location, wind speed, gust vane angle of attack, and gust vane oscillation
frequency. Velocity is measured with a hot wire anemometer to view the change in velocity in
the wind tunnel with the gust generator in operation. The combination of settings that produce
the greatest velocity differences will be used in pressure box testing.
4.2.2 Equipment
The physical equipment used in this set of testing is the same as that used in Experiment
1. The only change is the addition of the gust generator LabVIEW program for oscillating the
gust generator vanes.
4.2.2.1 Oscillating Vanes LabVIEW Program
Labview is chosen as the programming language due to its compatibility with the motor
driver. The variables set in this program are the motor positions, oscillation angle, and oscillation
frequency. A simplified flowchart of the oscillating vanes program is shown in Figure 63.
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Figure 63 - Flowchart for the gust generator LabVIEW program.

Motion of the gust vanes is sinusoidal oscillation between points 1 and 2, where the position
units are in steps of the stepper motor. One full revolution of the motor shaft is 20000 steps, so
dividing by 360° makes 56.67 steps/degree. This is validated with physical testing in the wind
tunnel and used to set the gust vane angle in the program. To obtain a sinusoidal motion point 2
is set as the negative of point 1, making the gust vane oscillate between the two desired angles.
Oscillation speed is set by multiplying the position difference between points 1 and 2 by the
desired oscillation frequency. This sets the oscillation speed to ensure the desired oscillation
frequency. If the gust generator requires a position offset to have zero angle of attack, this is
factored into the program calculations and adjusts the position set points.
4.2.3 Procedure
The same experimental setup used in Experiment 1 is used, as shown in Figure 61, and
the same procedure is used for mounting the hot wire and operating the traverse. Calibration of
the hot wire must be done if it has been a day since the last use. After calibration and mounting,
the traverse is positioned at the 745 mm longitudinal position and the 375 mm transverse
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position. The hot wire support is lowered into the lower half of the test section. A broken hot
wire sensor is used for positioning the sensor at 90 mm above the test section floor, shown in
Figure 64.

Figure 64 – Example of the hot wire support lowered to the testing height for Experiment 2, at longitudinal location 1450 𝑚𝑚.

This is the only vertical position tested in the tunnel, as this is the approximate location of the
pressure reading on the pressure box. The temperature in the test section is recorded before each
test. The size and quality of the gusts is evaluated by testing the effects of longitudinal location,
wind speed, oscillation angle of attack, and oscillation frequency. Table 5 lists these variables
and which values are used in this experiment.
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Table 5 - Test matrix for Experiment 2 - Gusting Conditions.

Experiment 2 Test Matrix
Variable

Values Tested

Longitudinal Location

745 𝑚𝑚, 1100 𝑚𝑚, 1450 𝑚𝑚

Wind Speed

9 𝑚⁄𝑠 , 18 𝑚⁄𝑠

Oscillation Angle of Attack

15°, 30°, 45°

Oscillation Frequency

0.5 𝐻𝑧, 1 𝐻𝑧, 2 𝐻𝑧

The first values set for testing are the 745 mm longitudinal position, 9 m⁄s wind speed, ±15°
oscillation angle of attack, and 0.5 Hz oscillation frequency. After setting the variables, the hot
wire and data acquisition device are powered on. The test section panels are secured and the
wind tunnel is powered on, allowing approximately 10 seconds for it to reach steady state. The
gust generator is powered on and data is recorded for 15 seconds for each variable configuration.
The wind tunnel is shut off before changing a variable to avoid temperature rise in the wind
tunnel. All variable combinations are tested for the set longitudinal location, then the process is
repeated for the rest of the locations.
4.3 Experiment 3 – Airtightness Testing
4.3.1 Objectives
An airtight pressure box reduces effects of unintentional air infiltration, but the level of
airtightness cannot be determined from pressurization using the wind tunnel. Initial airtightness
testing is done using the installed check valve and an air pump. The setup for the pressure box is
otherwise the same as it would be in a wind tunnel testing situation, but a hand pump pressurizes
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the box instead of airflow. The testing consists of repeated pressurization with the hand pump
and recording the time it takes for pressure to become zero in the box. The longer recorded time
indicates a better sealed box with less unintentional infiltration.
4.3.2 Equipment
The pressure transducers used in this experiment are the Omega PX137 – 0.3DV silicone
pressure transducers with the wiring and plumbing diagrams shown in Figure 55 and Figure 56.
A constant 12 V power supply is used for the transducers, and the NI 9219 data acquisition
device is used due to the low voltage output of these transducers. A LabVIEW program for
reading two analog signals simultaneously is developed, with the programming logic being the
same as the program in Experiments 1 and 2. A bicycle hand pump is used for pressurizing the
box.
4.3.2.1 NI 9219 Data Acquisition Device
The NI 9219 is a data acquisition device that can be used for many measurement types,
including several voltage ranges. These ranges are ±125 mV, ±1 V, ±4 V, ±15 V, and ±60 V.
The voltage range used in this experiment is the ±125 mV range due to the low output voltage of
0 mV to 20 mV from the pressure transducers. The wiring diagram for this device is shown in
Figure 65.
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Figure 65 - Wiring diagram for a NI 9219 in voltage reading configuration.

The T+ and T- terminals are used for Transducer Electronic Data Sheets (TEDS) sensors, which
are not used in this experiment. The configuration shown for CH 0 is the same for all channels. A
NI 9219 also requires use of a “chassis” for power supply and data transmission to the computer.
The accuracy for the NI 9219 is dependent on the voltage range used. Gain error, offset
error, gain drift, offset drift, and signal noise all change for different voltage ranges. Absolute
accuracy of the device is calculated using Equation (31) provided by the manufacturer
𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 = ±[(𝑉𝑜𝑙𝑡𝑎𝑔𝑒𝑅𝑒𝑎𝑑𝑖𝑛𝑔 ∗ 𝐺𝑎𝑖𝑛𝐸𝑟𝑟𝑜𝑟) +

(28)

(𝑉𝑜𝑙𝑡𝑎𝑔𝑒𝑅𝑎𝑛𝑔𝑒 ∗ 𝑂𝑓𝑓𝑠𝑒𝑡𝐸𝑟𝑟𝑜𝑟) + 𝑁𝑜𝑖𝑠𝑒𝑈𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦,
where 𝑉𝑜𝑙𝑡𝑎𝑔𝑒𝑅𝑒𝑎𝑑𝑖𝑛𝑔 is the voltage reading for a single sample in V, 𝐺𝑎𝑖𝑛𝐸𝑟𝑟𝑜𝑟 is the
specified gain error from the manufacturer as a percentage of the reading, 𝑉𝑜𝑙𝑡𝑎𝑔𝑒𝑅𝑎𝑛𝑔𝑒 is the
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specified voltage range in V, 𝑂𝑓𝑓𝑠𝑒𝑡𝐸𝑟𝑟𝑜𝑟 is the specified offset error from the manufacturer in
ppm of the range, and 𝑁𝑜𝑖𝑠𝑒𝑈𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦 is the added uncertainty due to noise, provided by the
manufacturer in ppm of the range. Due to the accuracy being dependent on the voltage value, the
uncertainty is determined on a per reading basis.
4.3.3 Procedure
The wiring to the pressure transducers are checked for loose connections and secured
with electrical tape to prevent disconnections. The reference atmospheric pressure tube is
connected to the lower port on one of the pressure transducers. If the pressure transducers are not
already calibrated, they need to be calibrated first. The box is mounted onto a wooden cutout of
the test section floor from the tunnel. Its location in the tunnel is shown in Figure 66, showing
the cutout and extra rubber sealing material used in the assembly.

Figure 66 - Pressure box mounted onto the test section cutout in the tunnel. The cutout can be secured into the test section with
the indicated mounting holes.
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The sealing rubber around the base of the box improves the airtightness on the bottom, as that is
where the most penetrations in the pressure box are located. The entire assembly can be removed
from the tunnel by unfastening the cutout mounting bolts, making testing easier. The assembly
removed from the tunnel is shown in Figure 67.

Figure 67 - The pressure box and cutout assembly shown removed from the tunnel test section, so lids can be changed and
equipment can be checked.

The lid with no added infiltration is used in this testing and the measurement tube is not attached
to a pressure transducer. The pressure transducer attached to the atmospheric reference tube must
be wired according to Figure 55 but wiring the other pressure transducer is not required.
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The testing is done by attaching the air pump to the check valve and lightly pumping air
into the box. Air is pumped in as soon as the system depressurizes, and this is done as often as
required during a 20 second time period.
4.3 Experiment 4 – Box Pressurization in the Wind Tunnel
4.4.1 Objectives
The box pressurization is done with and without gusting conditions to record the pressure
rise inside the box compared to the face pressure readings. The uniform flow test is done to view
the pressure rise inside the box from zero velocity to steady-state flow, and how the pressure rise
changes with different infiltration values. Testing with gusting conditions tests the hypothesis
that air infiltration affects the time delay between face pressure rise and interior pressure rise.
4.4.2 Equipment
The equipment used in this testing is the same as that in the airtightness testing, except
the air pump is not used.
4.4.3 Procedure
The wiring inside of the pressure box must be checked before attaching the first lid.
Electrical tape is wrapped around loose connections to ensure wires do not disconnect during
testing. If the pressure transducers are not already calibrated, they must be recalibrated using a
pitot tube and manometer. The location of the pressure box is based on the experiment 2 testing
of gusting conditions in the tunnel. The results show the location of the box face would work
best at approximately 745 𝑚𝑚 longitudinally into the test section. Figure 68 shows where this is
in the test section with the box mounted. The rubber seal is replaced with the vacuum sealing
tape in later testing.
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Figure 68 - Experimental setup for the pressure box testing, with the lid face approximately 745 mm longitudinally into the test
section.

Mounting the box in this location also utilizes the removable circular cutout for the test section
floor, shown in Figure 66 when mounted in the tunnel and Figure 67 when it is removed. Before
mounting the assembly into the tunnel, the first box lid must be attached. The first lid used in this
testing is the zero added infiltration lid. The tubing is arranged according to the plumbing
diagram in Figure 56. If the box is not already secured to the cutout, it is done before fastening
the lid.
Breadboard jumper wiring is used to accommodate the small gauge electrical connections
on the pressure transducers. This type of wiring is prone to disconnecting, so electrical tape is
used to secure connections between wires. To prevent long lengths of wiring to the power supply
and data acquisition, they are placed underneath the tunnel test section on top of a platform,
shown in Figure 69.
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Figure 69 - The power supply and data acquisition setup during testing in the wind tunnel.

Wiring to both pressure transducers follows the wiring diagram in Figure 55. The first test is the
uniform flow test starting the wind tunnel from zero velocity to 18 𝑚⁄𝑠. The power supply and
data acquisition are powered on and the data is set to record. The wind tunnel is powered on after
10 seconds of data recording and data is recorded for 2 minutes.
The next test is with gusting conditions for the attached lid. Gusts are introduced as single
gusts every 30 seconds to allow the pressure to achieve equilibrium after the gust is finished.
Data is recorded over 2 minutes, recording a total of 4 gusts. The wind speed of the tunnel is set
to 18 𝑚⁄𝑠 and the gust generator angle of attack is set to 45° for larger gusts. To begin testing,
the wind tunnel is allowed 10 seconds to reach steady-state flow speed, and the gust generator is
powered on. After the gust generator has oscillated once after the wind tunnel has achieved
steady state, data recording begins. This test is done 3 times for averaging gust response times.
After all tests are completed with one lid, the next lid is attached and the procedure is repeated.
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5. RESULTS AND DISCUSSION

All uncertainties evaluated for the results used the method described in [25]. The
equations used for this analysis are shown in Appendix A. For measurements where the accuracy
is dependent on either the measured value or measured temperature, the uncertainty is
determined on a per reading basis.
5.1 Experiment 1 – Zero Angle of Attack Flow
Results for the zero angle of attack flow experimentation consist of average velocities at
all tested locations and an evaluation of the turbulence intensities using the time series data at the
locations. All velocities are measured in units of m/s and all turbulence intensities are unitless.
5.1.1 Average Velocities at Longitudinal Cross-Sections
Averaging the time series data taken at each measurement locations is done for three
cross sections at different longitudinal distances from the test section inlet. These three locations
are 745 mm, 1100 mm, and 1450 mm from the test section inlet. The average velocity for the
cross-sections are shown as a contour plots for the three locations in Figure 70, Figure 71, and
Figure 72.
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Figure 70 - Contour plot of the average velocity at the tunnel cross-section 745 𝑚𝑚 into the tunnel test section. All velocity units
are in m/s.

Figure 71 - Contour plot of the average velocity at the tunnel cross-section 1100 𝑚𝑚 into the tunnel test section.All velocity
units are in m/s.
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Figure 72 - Contour plot of the average velocity at the tunnel cross-section 1450 𝑚𝑚 into the tunnel test section.All velocity
units are in m/s.

The effect the gust generator has on the average velocity is clear from the reduced velocity
regions at the gust vane vertical locations. The effect is larger closer to the gust vanes, at 745
mm longitudinally, where the difference between maximum and minimum velocities is
approximately 2 m⁄s. This effect is diminished at the 1450 mm longitudinal location, where
differences are closer to 1 m⁄s between the vane locations and the surrounding points.
Calculation of the uncertainty is ± 0.75 m⁄s on average. This corresponds to an uncertainty of
4.2% of the 18 m⁄s wind speed.
The magnitude of velocity difference in CFD is similar to the experimental results in the
area directly downstream of the airfoils. However, the velocity is affected in a much larger area
than seen in CFD. This supports improving the mesh refinement in CFD simulations to better
predict the airfoil wake. Furthermore, an imperfect airfoil will have greater influence on the
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wake, as any deviation in the airfoil profile will change the aerodynamic characteristics.
Imperfections occur in the manufacturing process, especially in the process of putting fiberglass
on the airfoils and smoothing the airfoil surface. One of the goals of the gust generator was to
create a device that had minimum influence on the wind tunnel velocity field in a zero angle of
attack position. These results show that this goal was not achieved, and testing requiring uniform
flow in the wind tunnel should not occur with the gust generator present in the wind tunnel.
5.1.2 Turbulence Intensities at Longitudinal Cross-Sections
Using the time series data, the turbulence intensity is obtained by using [11]

𝑇𝐼 =

𝜎𝑈
,
̅
𝑈

(29)

̅
where 𝑇𝐼 is the turbulence intensity, 𝜎𝑈 is the standard deviation of the wind time series, and 𝑈
is the mean wind speed. Turbulence intensity is used as a measure of flow quality in the wind
tunnel with the gust generator at zero angle of attack. Standard wind tunnels have turbulence
intensities of 0.02 or less when the wind tunnel is operating without obstructions in the test
section [23]. This can be expressed as a 2% turbulence intensity. Figure 73, Figure 74, and
Figure 75 show the results for turbulence intensities as contour plots at the three longitudinal
locations.
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Figure 73 - Turbulence intensity field at the 745 mm longitudinal location.

Figure 74 - Turbulence intensity field at the 1100 𝑚𝑚 longitudinal location.
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Figure 75 - Turbulence intensity field at the 1495 𝑚𝑚 longitudinal location.

The turbulence intensities vary between 0.055 and 0.066 in the middle of the test section.
Evaluation of the uncertainty in turbulence intensity cannot be done using the method in
Appendix A, only by a statistical study, so the uncertainty in the turbulence intensity is unknown.
Turbulence intensities are consistently higher near the top of the test section, but not over
a large area. The various openings for testing equipment in the roof of the test section are the
cause of this, as this wind tunnel does not have the means to insert measurement equipment
otherwise. Plugs are 3D printed to mitigate these effects, but they cannot be eliminated entirely.
There is no discernable pattern in the turbulence intensity consistent with the airfoil locations in
the vertical direction. There is an increase in turbulence intensity with closer proximity to the
airfoils, but not enough to show the airfoils produce significant turbulence. The relatively high
turbulence compared to standard wind tunnels show that improvements to the wind tunnel need
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to be made, such as adding turning vanes at all corners in the wind tunnel. This has significant
influence on the results of pressure testing, as uncontrolled turbulence has the potential to skew
pressure results.
5.2 Experiment 2 – Gusting Conditions
5.2.1 Average Velocity Differences and Power Spectra
Velocity is measured during gust generator operation to see if the gust generator can
produce velocity differences large enough to be considered wind gusts. The results are examined
for peak velocity differences and a Fourier transform is conducted to see if the oscillation
frequency appears on the power spectrum with a large magnitude. A moving average of these
velocity readings is taken so that the minimum and maximum velocities are more consistent.
Velocity differences are calculated from the minimum and maximum averaged values for each
gust. These velocity differences are averaged from all gusts in the time series for each
combination of variables, shown in Figure 76 for the 9 m/s wind speed and Figure 77 for the 18
m/s wind speed. Shown in the legends are the oscillation frequencies and longitudinal location as
the results vary with angle of attack. Uncertainty for these measurements ranges depending on
the reading, between 0.5 m/s and 0.85 m/s. This range of uncertainty is a result of both velocity
reading and temperature variation.
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Figure 76 - Comparison of velocity differences for each combination of variables at 9 m/s wind speed.

Figure 77 - Comparison of velocity differences for each combination of variables at 18 m/s wind speed.
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The legends show the other variables for each plot, which are the oscillation frequency and
longitudinal location. Naturally occurring wind gusts require velocity differences of
approximately 4.63 m/s [9]. The largest velocity differences with the wind tunnel operating at 9
m/s are less than the defined value, where the largest average difference achieved is 2.64 m/s.
With the lower wind speed, the gust generator is unable to produce velocity differences that can
be defined as a wind gust. Using a wind speed of 18 m/s, the largest average velocity difference
is 4.08 m/s. Percentage uncertainty is comparable to the zero angle of attack flow, where it
ranges from 4.5% to 5.3% for the highest average wind speed flows and lowest average wind
speed flows respectively.
The positive effect of angle of attack is consistent in each case. This is expected due to
the tunnel blockage effect, as the airfoils at higher angle of attack will increase the tunnel
blockage resulting in higher velocities at points not behind the airfoils. The theoretical model
[12] also shows a positive effect from increasing oscillation frequency with the Strouhal number
relationship. Figures Figure 78 and Figure 79 show the same results versus the oscillation
frequency of the gust generator to observe the relationship.
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Figure 78 - Comparison of the velocity differences versus the oscillation frequency of the gust generator for 9 m/s wind speed.

Figure 79 - Comparison of the velocity differences versus the oscillation frequency of the gust generator for 18 m/s wind speed.
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There is no clear relationship between the velocity difference and the oscillation frequency for
the range tested. All results show that if the velocity difference increases, it is not by more than
0.85 m/s, and in several cases it decreased. Therefore, oscillation frequency is not a significant
factor for the pressure box testing.
Fourier transforms are done on each test to see if the oscillation frequency is well
represented on a power spectrum. Variable combinations with the largest magnitudes in the
power spectrum indicate flow that is less disturbed by unintended frequency due to turbulence.
Figures Figure 80 and Figure 81 show a comparison between two tests that have clear spikes in
the power spectrum with similar variables, the difference being oscillation frequency.

Figure 80 - Power spectrum plot of the velocity time series at 745 𝑚𝑚 longitudinal distance, 45° angle of attack, 18
speed, and 0.5 𝐻𝑧 oscillation frequency.
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Figure 81 - Power spectrum plot of the velocity time series at 745 𝑚𝑚 longitudinal distance, 45° angle of attack, 18
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speed, and 2 𝐻𝑧 oscillation frequency.

The largest spike in the power spectrum appears near the oscillation frequency in both cases.
However, the 2 𝐻𝑧 oscillation case has significantly more frequency signals that appear,
meaning the turbulence contains more power in several frequency components other than the
intended oscillation frequency. Pressure box testing requires gusts to be low frequency, such that
a time delay can be measured between discrete points. With higher frequencies disturbing the
flow, the time delay will be difficult to read. With an oscillation frequency of 0.5 𝐻𝑧, the low
frequency contains the most power in the flow and pressure box testing would be less disturbed
by high frequency turbulence.
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5.3 Experiment 3 – Airtightness Testing
5.3.1 Pressure Results
Hand pump pressurization tests are used to iteratively improve the airtightness of the
pressure box. Pressure is monitored but not recorded for every test. The final results are shown
here in Figure 82 for the last iteration.

Figure 82 - Hand pump pressurization test final results.

Despite repeated attempts to fully seal the pressure box, the air discharged from the box within
0.5 seconds. The sharpest slopes equaled approximately −498 Pa/s, where shallow slopes
equaled approximately −228 Pa/s. This suggests improvements need to be made to the sealing
method used, or a different material needs to be used. Furthermore, a testing method needs to be
developed for repeatable pressurization testing, to improve upon using a hand pump. Uncertainty
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for the pressure in this testing ranged from ± 1.5 Pa for low pressure values and ± 21.5 Pa for
high pressure values.
5.4 Experiment 4 – Pressure Response Testing
5.4.1 Pressure Response Results
Pressure response is recorded with and without gusts for each lid. The first lid tested is
the zero infiltration lid as a baseline. Figure 83 shows the no gusting test for this lid.

Figure 83 – Zero infiltration lid pressurization with no wind gusts.

The face pressure shows a small pressure rise, but not of the amount expected of air with 18 m/s
velocity. The recorded pressure on the interior does not show a pressure rise, suggesting there is
no increase in pressure due to infiltrating air. The pressure does decrease slightly due to the
distribution of the pressure coefficient along the box surface. The location of the pressure
transducer is on the leeward side of the box interior and the leeward side of an object will
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experience a negative pressure coefficient, resulting in a drop in pressure on the interior. Next
the lid pressurization in a gusting test is shown in Figure 84.

Figure 84 - Zero infiltration lid pressurization during 30 second interval gusts.

The gusting test shows a positive then negative pressure response on the face pressure. Negative
pressure responses are a result of the airfoil blocking airflow to the pressure transducer
momentarily during the rotation. The interior pressure shows a very small response, but not
enough to suggest infiltrating air during the gust.
The same tests are done on the added infiltration lids. These three results are shown in
Figure 85, Figure 86, and Figure 87 for the 1 mm × 5 mm, 1 mm × 10 mm, and 2 mm × 10 mm
opening lids, respectively.
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Figure 85 - Zero velocity to steady-state pressurization test with the 1 𝑚𝑚 𝑥 5 𝑚𝑚 opening.

Figure 86 - Zero velocity to steady-state pressurization test with the 1 𝑚𝑚 𝑥 10 𝑚𝑚 opening.
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Figure 87 - Zero velocity to steady-state pressurization test with the 2 𝑚𝑚 𝑥 10 𝑚𝑚 opening.

This test shows the difference of adding an opening compared to no opening on the box face. In
addition to the pressure rise, the interior pressure also appears to fluctuate due to the turbulence
present in the flow. While the pressure fluctuations are relatively small, the rapid response of the
interior pressure shows that the time delay between the interior and exterior pressure will be very
small. This is expected, as an example application of Equation (4) shows that even for buildings
with interior volumes on the order of 1000 m3 , the response time delay to a wind gust is
approximately 0.5 s with an opening area of 1 m2 [2]. Furthermore, the total pressure difference
from the initial reading to the steady-state increases with increasing opening area. These results
show there is a clear effect of opening area on the total pressure rise.
The gust test is performed three times for each lid, but only one test is shown. Figure 88,
Figure 89, Figure 90 show the tests for the 1 𝑚𝑚 𝑥 5 𝑚𝑚, 1 𝑚𝑚 𝑥 10 𝑚𝑚, and 2 𝑚𝑚 𝑥 10 𝑚𝑚
openings, respectively.
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Figure 88 - Gust test with gusts at 30 second intervals for the 1 𝑚𝑚 𝑥 5 𝑚𝑚 opening lid.

Figure 89 - Gust test with gusts at 30 second intervals for the 1 𝑚𝑚 𝑥 10 𝑚𝑚 opening lid.
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Figure 90 - Gust test with gusts at 30 second intervals for the 2 𝑚𝑚 𝑥 10 𝑚𝑚 opening lid.

The pressure response on the interior is seen corresponding with the response on the box face.
Larger opening areas show larger pressure responses as with the no gust testing. Interior pressure
response does not show a large pressure drop past the steady state reading. Infiltrating air will be
a result of the pressure differential, not forced airflow into the volume. Since the entire box face
experiences a pressure rise throughout the rotation of the airfoil, the pressure will not drop in
response to a momentary blockage, unlike the face reading. This suggests an average pressure
reading across the box face would be more accurate to use in the future.
The data for all three tests for each opening area are compared in a scatter plot. Due to
the large variance, no relationship can be seen between opening area and time delay, as shown in
Figure 91.
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Figure 91 - Time delay results for all tests conducted. On the x-axis is the gust number, or order of gust occurrence for that time
series.

The scatter plot shows that the value tends to alternate between approximately 0.5
seconds or 0.05 seconds, with no specific order. While a time delay is consistently measured, the
values are inconsistent from test to test. Furthermore, in applying equation (4) to calculate an
expected time delay, the pressure readings result in a higher pressure coefficient on the box
interior than the exterior. Additionally, the uncertainties for all pressure measurements are
averaged to approximately ± 2.371 𝑃𝑎. This is a significant amount of uncertainty for this
testing, approximately 10% uncertainty for the face reading and 50% to 100% uncertainty for
the interior pressure reading. This makes the uncertainties too large to resolve a time
measurement using equation (4). Lower range pressure transducers or larger pressure readings
are the two primary ways to improve this. Calibration of the pressure transducer is also more
accurate with larger pressure, lessening the effect of calibration error. With the current results
and level of uncertainty associated with the limitations of the available equipment, the hypothesis
that time delay decreases with increasing opening area is inconclusive.
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6. CONCLUSIONS

The present work is done to test the relationship between the pressure response time
delay and an opening area on an enclosure face comparable to infiltration area. A wind tunnel
gust generator is designed, manufactured, and installed into the Crosby Hall student-built wind
tunnel to produce wind gusts for testing this hypothesis. A pressure box is designed and
manufactured with variable opening areas on the box face to recorded exterior face pressure and
interior box pressure. The response time between pressure peaks due to wind gusts is then
evaluated.
Initial testing of the wind tunnel with the installed gust generator shows a significant
effect on the velocity field due to the gust generator vanes even at zero degree angle of attack.
This does not achieve the goal of developing a gust generator with minimal effect on the uniform
flow in the wind tunnel at zero angle of attack. Improvement in the airfoil profile needs to be
done to make the gust generator more robust for a variety of testing; otherwise, they will cause
significant interference. The airfoils do not appear to influence the turbulence intensity despite
the velocity discrepancy. However, turbulence intensity results show that the wind tunnel does
not perform to the standards of typical wind tunnels, where professional wind tunnels have
turbulence intensities as low as 0.004, or 0.4% [13]. Since the present work depends on
controlled velocity fluctuations due to the gust generator, uncontrolled turbulence has significant
effect on the results of pressure testing. Based on a turbulence intensity of 0.066 and average
wind speed of 18 m/s, a velocity fluctuation would be 1.188

𝑚
𝑠

higher than the average steady

state velocity. This equates to a 0.864 Pa pressure rise from Equation 7 for the wind induced
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pressure. From the results of the gust testing on the pressure box, this pressure rise is 17.3% of
the maximum pressure recorded for the interior box pressure, meaning the natural turbulence in
the wind tunnel has a significant effect on the maximum recorded pressure in the box. Higher
wind speed or improvements to the wind tunnel are necessary to reduce the natural turbulence or
its effect on the pressure box.
Evaluation of the gusts produced by the gust generator is done to see the gust generator
performance. This initial testing shows a positive effect on the gust size and uniformity with
increased angle of attack, with improved performance at a higher wind speed. This suggests that
higher angles of attack and higher wind speeds have the potential to increase velocity difference
further. This merits future investigation, as the current results show the largest velocity
differences are still 12% smaller than the defined wind gust value of 4.63 m/s [9]. Increasing the
angle of attack has other implications as well, such as inducing larger vortices that impact test
results. Like the natural turbulence in the wind tunnel, turbulent vortices have a significant effect
on pressure fluctuations on the pressure box. Therefore, it is beneficial to induce these velocity
differences with lower angles of attack. This is not possible with the current gust generator,
based on these results. However, examination of the power spectrum shows that a stepper motor
using LabView programming is an effective method of control for this gust generator. The power
spectrums show the set oscillation frequencies contain the most power in each time series and
occurs most clearly at the lower frequency of 0.5 Hz.
Airtightness testing of the pressure box showed that completely sealing the pressure box
is difficult using 3D printed plastic and epoxy. However, testing the pressure rise from zero
velocity to steady-state in the wind tunnel shows that the sealing is airtight enough to prevent
infiltrating air for the box with no added openings. This is supported by the gust testing with no
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added opening, showing that wind gusts have a negligible effect on the interior box pressure.
Adding even the smallest opening area showed a significant difference in the response of the
interior pressure, where the pressure rose to a steady positive pressure as expected during steadystate testing. Furthermore, the interior pressure is very responsive to exterior pressure
fluctuations from turbulence, where the profile of the interior pressure closely follows the
exterior pressure reading. This supports improvement of the wind tunnel and gust generator to
reduce this turbulence and mitigate the effect for the low pressures being recorded. Finally, gust
testing of the pressure box is done with the different opening sizes to investigate the hypothesis
presented. A delay in the interior pressure rise is seen in all tests; however, it does not change
with opening areas ranging from 1.25% to 5%. While this supports the general theory of a
delayed pressure rise, it is inconclusive regarding the effect of opening area on the time delay
and the ability to model it on a small scale. Calculating time delay based on equation (4) cannot
be done with the current results, as the uncertainties are too large relative to the pressure readings
taken.
In future work of this topic, improvements to the testing facility is recommended. High
levels of turbulence in the flow warrants consideration due to the scale of the pressures being
measured. Even small fluctuations greatly influence the measured pressure when the pressures
are on the order of 30 𝑃𝑎 or less. Increasing the flow speed also improves this, by increasing the
measured pressures as well as getting closer to the required Reynold’s number scaling.
Implementation of the oscillating vane gust generator proved to be effective, but needs to be
improved to increase velocity differences at lower angles of attack. Lastly, alternative materials
for a pressure box should be considered, due to its difficulty to completely air seal it. While the
hypothesis in the present work cannot be answered with the current results, the testing shows
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there is a consistent time delay present in all tests. With improved equipment and procedures in
future testing, there is still the potential for a similar or new relationship between time delay and
smaller openings, and ideally, air infiltration opening area.
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Appendix A: UNCERTAINTY ANALYSIS METHOD

Uncertainties for all results are calculated using the equation [25]

𝑛

2
𝜕𝑅
𝑤𝑎 = √∑ [
∗ 𝑤𝑥 𝑖 ]
𝜕𝑥𝑖

(30)

𝑖=1

where 𝑤𝑎 is the total uncertainty for variable 𝑎, 𝑅 is the equation to calculate variable 𝑎, 𝑥𝑖 is a
variable with uncertainty used in calculating variable 𝑎, and 𝑤𝑥𝑖 is the uncertainty of variable 𝑥𝑖 .
The uncertainties associated with each variable were accuracy, resolution, linearization, A/D
converter accuracy, gain drift, and calibration accuracy. This method is a conservative estimate
of the compounding uncertainty in a system. Calculation begins at the uncertainties in the base
variables, such as density and temperature. Equation 33 is used to calculate these uncertainties,
and the results are carried through subsequent uncertainty calculations.
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Appendix B: OSCILLATING AIRFOIL IN A WIND TUNNEL THEORY

A theoretical model describing the flow field behind an oscillating airfoil is derived here [12].
The model is constructed such that the wake of the oscillating airfoil is represented by aligned
point vortices and a wake vortex is released at every reversal of the airfoil oscillation. This
representation is shown in Figure 92.

Figure 92 - A picture representation of the analytical model presented by [12]. Here, only one airfoil is used, but the general
concept applies to more than one airfoil with some corrections.

Here, it is shown as a 2D problem due to the assumption that the airfoil has a high aspect ratio
and spans the entire tunnel width. Consider the harmonic motion of the airfoil, the pitch angle of
the airfoil can be represented by
𝛼𝑔 = 𝐴𝑔 ∗ cos(2𝜋𝑓𝑔 )
where 𝐴𝑔 is the maximum pitch angle and 𝑓𝑔 is the frequency of oscillation. An important
assumption is that 𝐴𝑔 is kept small to avoid non-linearity. If the normalized frequency, or
Strouhal number, is defined as
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(31)

𝑆𝑡 =

𝑓𝑔 ∗ 𝑐
𝑈0

(32)

where c is the airfoil chord length and 𝑈0 is the free-stream velocity. This relationship leads to
the array of point vortices seen in Figure 5, where the period 𝜆 is defined as

𝜆=

𝑐
𝑆𝑡

(33)

If the vortices have vortex strengths of ±Γ𝑣 and Γ𝑣 is set to be positive, the strength results from
the lift acting on the airfoil. Joukowsky law states
𝐿 = 𝜌0 ∗ 𝑈0 ∗ Γ𝑔

(34)

where 𝜌0 is the density of the free stream and Γ𝑔 is the bound circulation of the airfoil. The
derivation thus far is applicable to the near-field behind the airfoil. To examine the downstream,
the flow angle is defined as
𝛼 = 𝐴 ∗ cos(2 ∗ 𝜋 ∗ 𝑓𝑔 + 𝜙)

(35)

where the maximum gust angle is

𝐴=

𝑤′
𝑈0

(36)

and the phase delay for a gust travelling at speed 𝑈0 from the airfoil to location 𝑙 in the wind
tunnel is

𝜙=

𝑙
2 ∗ 𝜋 ∗ 𝑈0
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(37)

A more accurate representation of this system includes a correction due to wake forces that act
on the airfoil using what is referred to as a lift-deficiency function

𝐶(𝑆𝑡) =

−𝐽1 (𝑆𝑡) + 𝑖 ∗ 𝑌1 (𝑆𝑡)
−(𝐽1 (𝑆𝑡) + 𝑌0 (𝑆𝑡)) + 𝑖 ∗ (𝑌1 (𝑆𝑡) − 𝐽0 (𝑆𝑡))

(38)

where the 𝐽 and 𝑌 are Bessel functions. This function is defined for inviscid and incompressible
flow. In the case of quasi-steady motion i.e. the limit as 𝑆𝑡 → 0, the lift deficiency function also
approaches zero and the lift is again determined by the Joukowski law. In typical applications
with finite Strouhal numbers, the corrected lift can be given by
𝐿𝐶 = |𝐶(𝑆𝑡)| ∗ 𝐿

(39)

The parameter of interest for evaluating the gust generation effectiveness is the gust maximum
angle of attack 𝐴 and generally can be written as
𝐻
𝐴 = 𝑓 (𝑆𝑡, 𝐴𝑔 , 𝑀, )
𝑐

(40)

and the dependence on 𝑙 can be neglected assuming the wake vortex travels with the flow
without changing. The flow is also initially observed close behind the airfoil. Since the
derivation has followed inviscid, incompressible flow analysis, the Mach number is accounted
for with Prandtl-Glauert’s analogy. This function can be determined by relating the wake vortex
strength Γ𝑣 to the varying airfoil lift. Considering no walls, or 𝐻 → ∞, the vortex array in the uvelocity direction can be considered alone without boundary effects. By differentiating the
Joukowsky law, the change in lift around the airfoil can be considered
Δ𝐿 = 𝜌0 𝑈0 ΔΓ𝑔
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(41)

The lift characteristic of the airfoil using lift coefficients can also be used

Δ𝐿 =

1
𝑑𝐶𝐿0
∗ 𝜌0 ∗ 𝑈02 ∗
∗ Δα𝑔
2
𝑑𝛼

(42)

Since a vortex is shed at the reversal of the pitch motion, the change in pitch motion can also be
written as
Δ𝛼𝑔 = 2 ∗ 𝐴𝑔

(43)

and to account for the lift-deficiency in the wake vortices, the wake vortex strengths can be
written as
Γ𝑣 = |𝐶(𝑆𝑡)| ∗ ΔΓ𝑔

(44)

Combining equations 16-19, a new expression for the vortex strengths can be written as

Γ𝑣 =

𝑑𝐶𝐿0
∗ 𝑈0 ∗ 𝐴𝑔 ∗ |𝐶(𝑆𝑡)|
𝑑𝛼

(45)

In a point vortex model, tangential flow velocity can be written as

𝑢𝜃 =

Γ𝑣
2∗𝜋∗𝑟

(46)

where 𝑟 is the radius of the vortex about its center. The maximum vertical velocity in the flow
𝜆

would occur at 𝑟 = 4, or halfway between two vortices. Thus, the maximum vertical velocity can
be written as

𝑤′ = 4 ∗

Γ𝑣
𝜋∗𝜆

For the 2D airfoil the lift coefficient derivative can be considered
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(47)

𝑑𝐶𝐿0
=2∗𝜋
𝑑𝛼

(48)

Lastly, using the Prandtl-Glauert analogy for the compressible consideration, the lift coefficient
is expressed as
𝐶𝐿 = 𝛽 ∗ 𝐶𝐿0

(49)

and 𝛽 is

𝛽=

1
(1 −

(50)

1
𝑀 2 )2

where M is the Mach number. Combining equations 8, 11, 20, 22, 23, and 24 finally yields
𝐴
= 8 ∗ |𝐶(𝑆𝑡)| ∗ 𝑆𝑡
𝛽 ∗ 𝐴𝑔

(51)

which is an expression of the gust amplitude. This expression highlights the importance of Mach
number, Strouhal number, and airfoil pitch angle on the gust amplitude. Since this expression is
valid without walls, introducing the effect of walls can be done by introducing image vortices in
the vertical direction. This produces two infinite arrays of image vortices of opposite signs with
wavelength 2 ∗ 𝐻. If the image vortices also have a period of
𝑎 =2∗𝐻

(52)

then the velocity induced by this system is given by
2∗𝜋
sin [ 𝑎 ∗ (𝑧 − 𝑧0 )]
Γ𝑣
𝑢𝑎,𝑥0,𝑧0 (𝑥, 𝑧) = −
∗
2 ∗ 𝑎 cosh [2 ∗ 𝜋 ∗ (𝑥 − 𝑥 )] − cos [2 ∗ 𝜋 ∗ (𝑧 − 𝑧 )]
0
0
𝑎
𝑎
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(53)

and
2∗𝜋
sin [ 𝑎 ∗ (𝑥 − 𝑥0 )]
Γ𝑣
𝑤𝑎,𝑥0,𝑧0 (𝑥, 𝑧) =
∗
2 ∗ 𝑎 cosh [2 ∗ 𝜋 ∗ (𝑥 − 𝑥 )] − cos [2 ∗ 𝜋 ∗ (𝑧 − 𝑧 )]
0
0
𝑎
𝑎

(54)

for a vortex positioned at (𝑥0 , 𝑧0 ), the center of the array. These two arrays are based on the
points (𝑥1 , 𝑧1 = 0) and (𝑥2 = 𝑥1 , 𝑧2 = −𝐻). For looking at the effect of tunnel height 𝐻, the
vertical velocity 𝑤 can be evaluated at the two array center points and compared to an infinite
wall solution by the ratio

𝑅=

(𝑤𝑎=2∗𝐻,0,0 + 𝑤𝑎=2∗𝐻,0,−𝐻 )
𝑤0

(55)

where 𝑤0 is the infinite wall flow solution. This is the location between the two vortices, where
the vertical induced velocity is a maximum. From equation 29 the ratio is then

𝑅(𝜂) =

𝜋
1
∗
4 ∗ 𝜂 sinh ( 𝜋 )
4∗𝜂

(56)

where

𝜂=

𝐻 𝑆𝑡 ∗ 𝐻
=
𝜆
𝑐

The plot of equation 59 is shown in Figure 93.
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(57)

Figure 93 - Plot of the vertical velocity ratio as tunnel height is increased or gust wavelength is decreased [12].

This graph shows the effect that the tunnel height and gust wavelength have on the vertical
velocity ratio. This ratio can also be used to modify the gust amplitude, giving a correction for
the gust amplitude in tunnels with finite tunnel height.
Continued derivation leads to the results presented in Section 1.3.2.2, where the Strouhal
number has a beneficial effect on gust amplitude for the theoretical model. The advanced
dynamic model indicates that the beneficial effect only holds to Strouhal numbers of
approximately 0.25.
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Appendix C: HOT WIRE CALIBRATION

Calibration of the Hot Wire Anemometer
Hot wire anemometry requires the hot wire sensor to be calibrated before testing, and
often requires re-calibration before each test due to the sensitivity of the sensor. This setup and
procedure must be followed for each test that uses hot wire anemometry.
Equipment
An incline manometer is used for pressure measurements. The pitot tube used is a
permanent static pitot tube placed in the tunnel for recording reference velocities. The pitot tube
is placed before the gust generators in the tunnel, so there would be no disturbed flow for the
calibration readings. The hot wire anemometer system is used along with the NI 6001 and
LabVIEW to record voltages from the hot wire anemometer.
Experimental Setup
The reference pitot tube is set up with the manometer using plastic tubing. The airfoil
tube consists of two of the airfoil links, with the hot wire support plate pushed on to the top link
as shown in Figure 94.
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Figure 94 - Hot wire calibration support with the hot wire probe installed.

The hot wire probe support is slid through the length of the tube and the end insert could be slid
onto the probe support. The end insert is then pushed into the airfoil tube, and the set screw on
the insert is tightened. The end of the probe support is then loosened, and the hot wire probe is
tightened into the probe support. Once done the entire assembly is placed into the hole next to
the static pitot tube on top of the tunnel test section, as shown in Figure 95.
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Figure 95 - Experimental setup on top of the wind tunnel for the hot wire calibration.

If needed, the hot wire probe is adjusted so the wire is perpendicular to the flow direction, and
then retightened. The probe is also set at the same height as the pitot tube in the tunnel. The BNC
connection at the end of the probe support is then connected to a BNC cable connected to the
MiniCTA controller. Lastly, the data acquisition device is connected to the computer with the
LabVIEW program.
Procedure
The ambient room temperature and atmospheric pressure is recorded with the digital
thermometer and weather station data, respectively. Ensuring the overheat switches are set
correctly in the MiniCTA, the device is then plugged in. The LabVIEW program is run, and the
hot wire voltage is recorded for the zero-velocity reading. All readings in LabVIEW are
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averaged for 10 seconds at each speed. The first flow speed recorded is the flow at 5 𝐻𝑧 on the
wind tunnel fan controller. Setting the fan speed to this and turning it on, the tunnel is run for 10
seconds for it to reach steady-state flow. After this, the LabVIEW program is run again, and
while the voltage is read, the reading from the manometer is also recorded in Excel. Once the
voltage is recorded in LabVIEW, the average is also recorded in Excel. The flow speed is
incremented by 5 𝐻𝑧 for each reading, up to 45 𝐻𝑧 for the final reading. The flow speed is
increased on the wind tunnel fan controller for each speed without turning the wind tunnel off.
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Appendix D: CFD RESULTS FOR REMAINING AIRFOIL CASES

All CFD results not presented in the Methods section are presented here.

Figure 96 - CFD simulation results for two 150 𝑚𝑚 airfoils at negative 5° angle of attack.

Figure 97 - CFD simulation results for two 150 𝑚𝑚 airfoils at negative 10° angle of attack.
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Figure 98 - CFD simulation results for two 300 𝑚𝑚 airfoils at negative 5° angle of attack.

Figure 99 - CFD simulation results for two 300 𝑚𝑚 airfoils at negative 10° angle of attack.
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Figure 100 - CFD simulation results for three 150 𝑚𝑚 airfoils at 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 5° angle of attack.

Figure 101 - CFD simulation results for three 150 𝑚𝑚 airfoils at negative 10°angle of attack.
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Appendix E – CAD MODELS OF MANUFACTURED 3D PRINTED PARTS

Figure 102 - Gust generator shaft adapter.

Figure 103 - Gust generator support plate.
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